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Foreword 


This  report  describes  the  work  done  on  determining  the  Fracture 
Mechanics  Parameters  of  Adhesive  Joints  during  the  period  February  2. 

1977  through  July  31,  1978,  the  concluding  period  in  what  has  been  a 
continuing  effort  for  more  than  ten  years.  Consequently  several  sec¬ 
tions  of  the  report,  including  the  Section  1  Introduction,  contain  review 
material  from  the  current  program,  as  well  as  material  from  other  programs, 
particularly  an  Air  Force  program  (e.g.,  see  Ref.  8)  that  bears  directly 
on  results  obtained  in  this  work.  For  example,  the  test  techniques  sec¬ 
tions  include  those  developed  during  this  program,  as  well  as  from  other 
programs  designed  to  model  service  conditions,  so  that  quantitative  pre¬ 
dictions  of  service  performance  can  be  made. 

The  test  techniques  described  include  those  for  evaluation  of  mode- 1 
(Section  2)  and  for  combined  modes  I  and  11  and  I  and  III  (Section  3). 
These  tests  were  designed  to  determine  the  effect  of  mixed-mode  loading 
on  the  fracture  properties  of  adhesive  bonds  for  monotonically  increasing 
loading,  steady  loads  in  an  environment,  i.e.,  stress  corrosion  cracking 
(SCC),  and  fatigue  loading.  The  effects  of  mixed-mode  loading  depend 
on  loading  cycle  (e.g.,  monotonic  or  fatigue)  and  thus,  are  described  dif¬ 
ferently  for  each  case. 

A  section  on  bond  manufacture  and  testing  details  (Section  4)  com¬ 
pares  the  phosphoric  acid  anodizing  (PAA)  aluminum  adherend  treatment 
to  the  chromic  acid  etch  (FPL)  on  the  basis  of  resistance  to  SCC  in  the 
wedge  test .  This  section  also  describes  the  details  of  laboratory  Joint 
manufacture  and  testing  for  all  specimen  types.  An  appendix  to  this 
section  (Appendix  I)  describes  the  PAA  treatment  for  laboratory  bonding. 

Section  5  deals  with  the  over  all  problem  of  the  application  of 
linear  elastic  fracture  mechanics  (I.F.FM)  to  adhesive  bonds.  This  section 
discusses  the  finite  element  approach  to  this  problem,  as  well  as  the  energy 
analysis  that  has  proved  successful  in  using  laboratory  fatigue  fracture 
deta  to  predict  structural  life. 
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The  last  section  (Section  6)  is  a  set  of  summary  conclusions 
taken  from  the  text  and  selected  references.  These  conclusions  are 
meant  to  summarize  the  current  status  of  Fracture  Mechanics  Methodology 
as  applied  to  adhesive  bonding. 

These  conclusions  also  contain  suggestions  concerning  further 
research  in  defining  the  complex  relationships  between  pure  and  mixed¬ 
mode  loading  for  specimens  and  structures. 
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Abstract 

The  application  of  fracture  mechanics  methodology  to  adhesive  bonds, 
described  here,  deals  with  the  measurement  of  the  energy  lost  to  the  grow¬ 
ing  crack.  The  use  of  this  technique,  primarily  with  aluminum  adherends, 
has  led  to  the  development  of  several  pure  and  mixed-mode  specimen  types 
that  have  been  shown  to  be  suitable  for  characterizing  bond  performance 
under  both  rapid  and  slow  growth  conditions.  This  methodology  has  also 
been  used  successfully  to  predict  fatigue  life  in  a  bonded  structural  com¬ 
ponent .  This  prediction  was  made  possible  by  the  development  of  an  em¬ 
pirical  relationship  describing  the  effect  of  mixed-mode  loading  on  fatigue 
crack  growth.  (A  relatively  advanced  finite  element  method  has  not  per¬ 
mitted  the  fatigue  life  calculation  to  be  made.) 

Recent  advances  in  adherend  surface  treatment  and  adhesive  ma¬ 
terials  have  eliminated  bond  separation  at  the  interface  for  any  service 
condition  and,  consequently,  the  description  of  environmentally  assisted 
slow  crack  growth  (SCC)  has  changed  drastically.  Pure  mode-1  SCC  has 
a  high  threshold,  and  mixed-mode  tests  can  show  threshold  values 

that  are  a  substantial  fraction  of  . 

Tc 

Fracture  appearance  is  quite  different  for  pure  mode-1  and  mixed¬ 
mode  crack  growth  only  for  rising  load  tests.  All  other  test  conditions 
have  similar  fracture  conditions  which  may  be  resolved  with  scanning  elec¬ 
tron  microscope  (SF.M)  techniques. 

Standard  test  methods  have  been  described  for  three  mode-I  speci¬ 
men  types  and  three  mixed-mode  types.  The  MZKG  specimen  holds  great 
promi.se  for  bond  analysis  and  quality  control.  Verification  of  the  relation¬ 
ships  that  have  been  found  between  pure  and  mixed-mode  fatigue  loading 
have  yet  to  be  confirmed  by  using  other  specimen  shapes  and  types  of 
adhesives.  This  relationship  does  not  appear  to  hold  for  either  rising 
load  or  SCC  exposure. 
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1.0  Introduction 

The  lond  carrying  capacity  of  adhesive  bonds  depends  on  both 
manufacturing  and  service  variables.  Manufacturing  variables  include 
adherend  and  adhesive  materials,  adhesive  bond  and  adherend  thick¬ 
nesses,  as  well  as  processing  history  for  the  adherends  and  thermal 
treatments  received  by  the  finished  part.  Service  conditions  might  in¬ 
clude  static  or  alternating  loads  in  a  variety  of  temperatures  and  environ¬ 
ments.  The  complex  state  of  stress,  as  well  as  the  mode-mix  of  loading 
imposed  on  flaws,  defects  and  bond- free  edges,  has  not  permitted  accur¬ 
ate  structural  life  predictions  of  bonded  structures.  These  structures 
are  currently  designed  using  standard  stress  analysis  techniques  and  a 
given  level  of  bond  quality  is  maintained  by  a  rigid  schedule  of  manufac¬ 
ture  and  inspection.  This  procedure  has  not  always  proved  successful 
for  such  structures  and  occasional  failures,  especially  in  commercial  air¬ 
planes,  have  been  responsible  for  the  continued  search  for  a  quantitative 
methodology  that  would  enable  laboratory  tests  to  be  used  for  structural 
life  prediction. 

One  of  the  first  steps  to  be  accomplished  is  to  design  laboratory 
tests  that  model  service  conditions.  Since  the  structural  joint  design  is 
generally  such  that  failure  in  the  bond  cannot  occur  due  to  overloads, 
i.e.,  failure  occurs  by  yielding  in  the  relatively  thin  adherends.  the  em¬ 
phasis  has  been  on  modelling  slow  crack  growth.  The  modelling  of 
failure  resulting  from  crack  extension  rather  than  plastic  flow  has  been 
successfully  done  in  monolithic  systems  using  the  techniques  of  fracture 
mechanics.  Thus,  fracture  mechanics  methodology  was  extended  to  bonded 
systems  used  for  load  bearing  structures  in  an  attempt  to  understand  and 
avoid  future  failures.  Laboratory  test  methods  in  current  use  today,  e.g.. 
"lap- shear"  and  "peel",  while  useful  to  rank  adhesive  materials,  cannot 
be  used  to  determine  the  load  carrying  capacity  of  a  bond  contained  in 
a  structure.  In  addition,  fatigue  and  environmental  effects  pose  serious 
problems  that  are  difficult  to  define  quantitatively  with  any  of  the  relative 
ranking  tests. 


l. 


Those  simple  lap  shear  and  peel  tests  have  been  extended  to  in¬ 
clude  slow  crack  growth  phenomena,  however,  the  data  is  used  to  dis¬ 
cover  serious  problems  that  can  occur  in  the  adhesive  material  or  in 
the  processing  of  the  adherends  prior  to  bonding.  Although  the  onset 
of  slow  crack  growth  for  the  simple  tests  generally  occurs  at  lower  loads 
than  those  needed  for  short  term  bond  or  adherend  failure,  there  is  no 
method  currently  available  that  enables  the  use  of  simple  tests  to  pre¬ 
dict  structural  bond  performance.  Similarly,  no  techniques,  even 
heuristic  ones,  are  available  to  translate  actual  service  conditions  into 
acceptable  performance  or  quality  control  requirements  for  these  simple 
tests. 

Early  in  the  history  of  the  extension  of  linear  elastic  fracture 
mechanics  (LEFM)  of  monolithic  materials  to  adhesive  bonds,  it  was  real¬ 
ized  that  bonds  were  weakest  in  the  presence  of  mode-I  or  cleavage  load¬ 
ing.  The  evaluation  of  cleavage  mode  resistance  was  accomplished  by 
several  different  test  specimen  configurations  using  highly  elastic  rigid 
and  monolithic  cantilever  beam  adherends.  The  specimens  used  for 
mode  I  testing  were  uniform  double  cantilever  beams  (UDCB),  contoured 
double  cantilever  beams  (CDCB)  and  width  tapered  beams  (WTB).  The 
latter  two  of  these  specimen  types  are  "crack-length-independent"  over 
much  of  the  bond  area  and  require  a  knowledge  of  load  alone  to  determine 
the  applied  value  of  crack  extension  force.  .  or  stress  intensity  factor, 
Kp  All  mode  I  specimens  are  described  and  analyzed  in  Section  2.  Data 
obtained  using  mode  1  specimens  has  been  described  in  a  number  of  pub¬ 
lications  and  a  review  article  published  in  1976* 

Threrdata  indicated  the  differences  between  adhesives  of  different 
manufacture  and  the  parameters  of  concern  for  slow  crack  extension  which 
was  considered  the  most  serious  problem  in  the  design  of  bonded  structure. 

Concurrently,  with  the  development  of  the  pure  mode-1  specimen, 
work  was  also  done  on  obtaining  a  pure  mode  11  or  mixed  modes  1  and 
II  specimen  ' .  Data  on  adhesives  loaded  primarily  in  shear  indicated 
that  mode  I  was  a  "worst-case"  condition,  however,  data  obtained  in  1975 
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on  tough  adhesives  using  small  mixed- mode  specimens  appeared  to  show 
a  serious  toughness  loss  when  mixed-mode  loads  were  used*  .  Develop¬ 
ment  work  on  large  mixed-mode  specimens  (Section  3)  has  shown  that 
combined  mode  crack  growth  does  not  result  in  less  fracture  energy 
absorption  than  pure  mode-I.  In  fact,  the  data  collected  thus  far 
shows  that  for  monotonicalty  increasing,  mixed  mode  loading  the  total 
crack  extension  force  at  onset  of  rapid  fracture  (/  [  )  occurs  when  the 
mode-1  component  reaches  the  value  of  determined  in  a  pure  mode-1 

test.  This  simple  relationship  does  not  hold  for  the  slow  growth  tests 
of  fatigue  and  stress  corrosion  cracking. 

The  work  being  done  by  MRL  for  NASC  has  been  complemented 
and  aided  by  the  work  done  by  MRL  on  a  contract  for  AFMI.  (e.g.,  see 
Ref.  13).  This  contract  was  awarded  to  the  Lockheed  California  Com¬ 
pany  (CAI.AC)  with  MRL  as  the  principal  sub -contractor.  The  AFML 
work  has  been  directed  towards  a  determination  of  the  suitability  of 
fracture  mechanics  for  design  of  aircraft  bonded  structure.  In  the  two 
years  since  the  start  of  the  contract,  the  effect  of  various  service  condi¬ 
tions  has  been  determined  and  an  accurate  prediction  of  fatigue  life  of  a 
structural  element  (the  single  lap  joint ;  SLJ),  similar  to  the  one  to  be 
used  in  the  primary  adhesive  bonded  structural  technology  (PABST)  pro¬ 
gram,  made.  In  the  course  of  the  work,  the  effect  of  mixed-mode  loading 
was  examined  and  specimens  developed  that  showed  that  the  mode-I  case 
was  always  the  most  severe. 

Testing  of  pure  nnd  mixed -mode  specimens,  as  well  as  adherend 
surface  preparation  and  bonding,  covered  in  Section  4.  includes  the  de¬ 
tails  of  laboratory  bond  manufacture  and  fracture  mechanics  testing  de¬ 
tails  for  pure  nnd  mixed-mode  loading  in  both  onset  of  rapid  fracture  and 
slow  growth  tests. 


2.0  Mode  I  (Cleavage)  Tests  for  l.argc  Aren  Honds 

2.1  Introduction :  Review  of  Analyzed  Mode- 1  Specimens 

Among  the  varieties  of  specimens  used  for  measuring  the  mode- 1 
toughness  of  adhesives,  the  simplest  is  the  bondod  pair  of  uniform  thick¬ 
ness  adherends  that  comprise  a  double  cantilever  beam  (UDCB)*4*.  This 
specimen  type  is  simple  to  manufacture  and  can  be  used  for  testing  of  either 
adhesive  bonds  or,  with  the  addition  of  crack  directing  face  grooves,  mono 
lit  hie  materials.  As  with  all  crack  line  loaded  specimens,  this  specimen  has 
the  advantage  that,  with  a  fixed  displacement,  the  crack  extension  force, 
t2 .  decreased  with  increasing  crack  length.  Thus,  an  Initiated  crack  will 
tend  to  be  arrested  without  complete  specimen  separation.  The  crack  arrest 
capability  allows  several  determinations  of  both  the  initiation  toughness,  /^jc. 
and  the  arrest  toughness,  ^  .  Both  of  these  values  are  thought  to  be 
material  properties  of  the  test  material  and  can  be  used  in  design.  Crack 
arrest  data  have  been  shown  to  be  independent  of  loading  rate  and  are 
thought  to  be  the  minimum  value  of  or  K.  required  for  any  loading  situa¬ 
tion.  The  ability  of  the  test  material  to  arrest  a  fast  moving  crack  should 
be  the  major  design  consideration  for  materials  likely  to  have  local  inhocno- 
geneities  or  lower  than  normal  or  Kjc  levels  (e.g.  .  welds  in  monolithic 
materials,  bubbles  or  unbonded  areas  in  adhesives  or  composites). 

In  addition  to  the  UDCB  specimen,  several  other  types  have  been 
used  successfully,  especially  for  adhesives.  These  are  the  contoured 
double  cnntilever  beam  (CDCB)  specimen  and  the  width  tapered  beam 
(WTB)  specimen (4). 

This  section  denis  with  the  compliance  analysis  of  the  three  speci¬ 
men  types  nnd  defines  the  useful  limits  for  specimen  geometry. 

2.2  Mode  I  Analysis  of  UDCB  Specimens 

The  error  in  determining  the  crack  extension  force,  depends 
on  how  accurately  the  compliance  change  with  respect  to  crack  length. 
dC/da.  can  be  determined.  In  general.  Jb  is  defined  as: 
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2.2.1 


whero 


n  =  crock  length  measured  from  the  point 
of  loading 

H  =  beam  height  at  a  distance  from  the 
point  of  loading 

This  expression  shows  that  dC/da  depends  only  on  the  height  of  the 
beam  nt  the  crack  front  and  that  the  equation  holds  independently  of  the 
specimen  shape  to  the  extent  that  beam  theory  is  applicable. 

For  UDCB  specimens  where  H  is  constant  an  integration  of  the 
compliance  expression  yields: 

c  =  SET<<'3*  h2,°  2‘2'5 

where 

I  =  the  moment  of  inertia  of  one  of  the  pair 
of  beams  (e.g..  1  ■  BH^/12) 

Experimental  measurements  of  compliance  were  obtained  on  UDCB 
specimens  using  uniform  beams  with  machined  crocks  at  a  number  of  loca¬ 
tions.  The  range  of  beam  heights  covered  was  0.5  to  4  inches  and  the 
range  of  crack  lengths  used  varied  from  0.5  to  10  inches.  For  values  of 
a/H  greater  than  unity,  it  was  found  that,  in  addition  to  deflections  due 
to  bending  and  shear,  some  deflections  occurred  because  of  rotations  at 
the  assumed  "built-in"  end  of  the  beam.  Rewriting  the  above  expression 
for  compliance  adding  a  rotation  correction  term  representing  a  crack 
length  increase: 

C  =  | (a  ♦  ao)3  ♦  H2  a  ]  2.2.6 

where 

a()  -  an  empirical  rotation  correction  (0.6  H) 

Rewriting  2.2.6  to  include  a^  and  the  definition  of  I  for  a  rectangular  cross 
section: 
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Two  completely  analytical  methods  have  been  used  to  define  C  and 
dC/da  for  UDCB  specimens.  The  first,  using  boundary  collocation*®^, 
defined  C  in  terms  of  an  initial  slope.  Iq: 


C 


24 


EBH' 


(T*  ,o*) 


2.2.8 


The  value  for  the  dimensionless  parameter  enabled  calculation  of 
(d/da)(l%a),  but  not  C: 

3.46  (  J  ♦  0.7)  2.2.9 


KBH1  _ 

T“ 


or 


where 


12  2  2 
(a  ♦  1.4  aH  ♦  0.5  H  ) 


K  =  stress  intensity  factor  *  •  E 

Thus 

I  =1.4  aH  ♦  0.5  H2 

Rewriting  the  expression  in  terms  of  the  crack  extension  force: 

.  K  -  12P2  2  o 

*  =  V  s  — (a  ♦  1.4  aH  ♦  0.5  H  ) 

EB  H 


2.2.10 


2.2.11 


2.2.12 


2.2.13 


or 


♦  3.6  aH  ♦  2 


08  H2) 


2.2.14 


The  difference  in  measured  £  values  between  the  calculated  and  experi¬ 
mental  curves  results  in  errors  varying  from  -0.3%  to  ♦ 2.7 %.  Between 
n/H  of  2  and  12  the  error  averages  1.5%.  The  errors,  intrinsic  to  com¬ 
pliance  measurement,  prevent  making  a  conclusion  regarding  the  more 
likely  of  the  two  expressions  for  & . 


A  second  method  uses  a  one- dimensional  finite  length  beam  model 
which  is  partly  free  and  partially  supported  by  an  elastic  foundation*  . 
For  the  case  where  the  beam  is  assumed  to  be  infinitely  long: 
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2.2.15 


C 


i  j  u2 

p  =  -=~j  (1  ♦  1.92  £  ♦  1 . 22  ♦  0.39  -g-  ) 

EBH  n  a  aJ 


The  derivation  of  this  equation,  however,  contains  a  rather  arbitrarily 
established  foundation  modulus  and.  consequently,  the  values  of  C  as 
a  function  of  a/H  are  quite  close  to  those  defined  experimentally  and  in 
Ref.  5.  The  value  for  the  constant  involving  dC/da  is: 


KBH 


3/2 


=  2  /Ta  (  1  ♦  0.64  -) 


2.2.16 


or 


^  (a2  ♦  1.28  Ha  ♦  0.4096  H2) 
H3 


Rewriting  this  expression  for  .£*■ 


2.2.17 


A 


K2 

T 


I ?P "2  2 

♦  1.28  Ha  ♦  0.4096  H  ) 


ER 


2.2.18 


or 


5B 


8 

EBH' 


(3a2  ♦  3.84  Ha  ♦  1.288II2) 


2.2.19 


2 

If  we  compare  the  coefficients  for  Ha  and  H  ,  we  find  that  this  calcula¬ 
tion  falls  between  the  experimental  (Ha  =  3.6)  and  the  collocation  equation 

2 

(Ha  =  4.2)  for  the  Ha  coefficient,  while  the  H  coefficient  for  the  beam  on 

2 

elastic  formulation  calculation  is  lower  than  either  the  collocation  (H  =  1.5) 

2 

or  the  experimental  value  (H  =  2.08).  Since  these  terms  are  small  with 
2 

respect  to  3a  .as  a/H  increases  above  1.  the  differences  between  both 
sets  of  calculations  and  the  experimentally  determined  compliance  repre¬ 
sented  by  the  experimental  compliance  equation  is  of  the  order  of  1  to  2 
percent . 


The  expression  for  compliance  of  the  UDCB  assumes  infinite  length, 

however,  when  the  length  of  the  uncracked  ligament  (W  -  a)  or  b  is  too 

( 7) 

short,  the  back  end  of  the  specimen  begins  to  control  the  compliance  . 
Empirically .  deviations  from  the  infinite  length  b  expression  occur  when  : 
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1.25  II  *  b  =  1.5  II 


2.2.20 


where  II  is  the  height  of  one  of  the  pair  of  beams.  Neither  the 
Srnwley  and  Gross*  nor  Kanninen*6*  work  deals  quantitatively  with 
end  effects;  thus,  the  approximate  value  of  b  at  which  end  effects 
become  important  must  be  obtained  from  compliance  calculations.  How¬ 
ever.  one  can  use  the  compact  specimen  (CS)  compliance  calibration  to 
approximately  obtain  the  value  of  b/H  at  which  back  end  effects  become 
significant.  If  we  write  the  CS  calibration  in  terms  of  p  we  obtain: 


where 


CS 


P" 

5ft 


EBH' 


0.15  if  (g)  r 


2.2.21 


W  the  distance  from  the  loading  holes 

to  the  end  of  the  specimen 

B  =  specimen  thickness 

H  =  height  of  one  of  the  pair  of  beam 

E  =  elastic  modulus  of  the  beam 

f(a/W)  a  a  polynomial  fit  expression  specified 
by  ASTM  E 399-  78 

a  =  crack  length 


Recall  that  for  the  UDCB  specimen  (see  Eqs.  2.2.1.  2.2.4  and  2.2.6) 


UDCB 


P 

5B 


EBH 


8  -j  |  3  (a  ♦  0.6  H)2  *  H“1 


2.2.22 


Thus,  if  we  take  the  ratio  of  these: 

^Cs^UDCB  =  K  =  015  (a  *  0  6  H>2  4 

2.2.23 

Values  of  K  have  been  determined  for  values  of  b  ranging  from 
0.416  to  1.33.  Table  1.  For  the  example.  H  was  taken  equal  to  1,  thus, 
b  b/H  and  the  point  of  deviation  is  at  a  b/ll  value  of  approximately 
1.17.  This  demonstrates  that  the  limits  on  b/H  ,  i.e. .  1 . 25  -  b/H  -  1 . 5. 
are  conservative  as  long  as  there  is  not  substantial  yielding  prior  to 
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crack  extension.  The  limits  on  b/H  were  established  empirically  for 
adhesive  joints  some  of  which  developed  a  substantial  yield  zone  ahead 
of  the  crack  tip.  It  is  likely  that  with  brittle  materials  the  value  of 
b/H  could  be  reduced  as  low  as  1.17. 

Table  1 

• 

Comparison  of  dC/da  Ratio  for  Compact  Specimens  and 
Uniform  Bourn  Specimens  for  a  Decreasing  Net  Ligament.  (W  -  a)  or  b 

H  *  1.0.  W  *  1.6667 


a/W 

a 

b/H 

R 

0.20 

0.333 

1.33 

1.12 

0.25 

0.417 

1.25 

1.07 

0.30 

0.500 

1.17 

1.11 

0.33 

0.550 

1.12 

1.16 

0.35 

0.583 

1.08 

1.22 

0.40 

0.667 

1.00 

1.38 

0.50 

0.833 

0.83 

1.93 

0.60 

1.000 

0.67 

3.77 

0.70 

1.167 

0.50 

6.64 

0.75 

• 

1.250 

0.41 

10.50 

i 

p2 

8 

(3  (a  ♦  0.6  H)2  ♦  H21 

udcb 

SB 

BBH3 

A 

P2 

8 

H3  a  2 

*w  [f  (n>1 

CT 

=  Sr 

BBH3 

For  the  givm  dimensions  and  R  =  ^udcb  5 

R  =  0.  15  |f  (J)]2/|3  a  ♦  0.6)2  ♦  1J 

Note  that  R  remains  approximately  constant  up  an  a/W  of 
3  and  b/H  of  1.17.  Thus,  the  values  selected  for  b/H,  i.e., 
1.25  -  b/H  -  1.5,  are  conservative. 
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The  shear-corrected  beam  formula  (SCBF)  expression  for  the  rate 
of  compliance  change  with  crack  length,  dC/da,  for  a  pair  of  UDCB 
specimens  (eq.  2.2.4)  can  be  rewritten  in  terms  of  the  dimensionless 
term  (.  =  a/H  : 


dC  -  8  r  is  ;2+  n 

3F  ~  Effii  C  (3  *  *  U 


2.2.24 


For  UDCB  specimens,  it  was  found  that  some  additional  deflection 
occurred  due  to  rotation  at  the  built-in  end  which  modified  the  compliance 


expression : 


£  *  g§;  IHIIII  II  ) 


2.2.25 


The  SCBF  definition  of  m  (the  bracketed  part  of  eq.  2.2.4)  in  terms  of 


<  3  C  ♦  1) 


2.2.26 


The  empirical,  compliance-determined,  shear  and  rotation  corrected  beam 
formula  (SRCBF)  definition  of  the  same  term,  denoted  mj,  is 

m,  *  £  (3  (C  +  0.6) 2  ♦  1]  2.2.27 


The  expression  for  /&  is  expressed  in  2.2.1  and  can  be  written  in  terms 


of  mj  as: 


P2  8 

5R  ETT  ml 


2.2.28 


For  the  UDCB  case,  m^  is  equal  to  the  m'  described  earlier  and  is  the 
corrected  compliance  term  that  enables  calculation  of  jh. 

2.3  Mode  1  Analysis  of  CDCB  Specimens  and 
Comparison  to  UDCB  Specimens 

Calculations  concerning  constant  dC/da  specimens  often  use  a 
dimensionless  expression  that  is  related  to  the  square  root  of  the  value 
of  dC/da  expected  for  a  given  specimen.  A  suitable  expression  for  these 
specimens  can  be  derived  by  rewriting  expression  2.2.11: 


K“/E 


Combining  eq.  2.3.1  with  eq .  2.2.1  we  obtain: 


=  2  /m'a  =  1  /^”  EBa 


2.3.1 


2.3.2 


Since  the  UDCB  specimen  compliance  calculation  has  shown  that  mj  is 
equal  to  m'  (see  eq.  2.2.27): 


KBp/a  =  2  /cl3  <C  ♦  0.6)“  ♦  1] 


2.3.3 


The  equivalent  expression  taken  from  the  boundary  collocation  analysis 
by  Srawlcy  and  Gross*5*  is: 

/T (3.46)  (  C  ♦  0.7)  2.3.4 


KB  / a 

- P~ 


Both  of  the  expressions,  eq.  2.3.3.  derived  experimentally,  and  eq.  2.3.4. 
derived  numerically,  agree  within  one  percent  for  (  between  0.5  and  10. 

Cantilever  beam  udherends  that  are  height  tapered  in  accordance 
with  the  bracketed  part  of  eq.  2.2.4  and  denoted  m  have  been  found  to 
be  independent  of  crack  length.  The  parameter  m  is  a  shape  factor  hav¬ 
ing  the  dimensions  of  reciprocal  length,  e.g.,  in.  *,  which  specifies  a 
particular  contour.  While  this  constant  has  been  shown  to  be  sufficient 
in  designing  a  linear  dC/da  or  "constant -K"  specimen,  the  actual  value  of 
dC/da  is  generally  larger  than  the  calculated  value.  For  example,  for 
adherends  contoured  to  m  =  90  in.’1,  the  experimental  and  calculated  value 
of  dC/da  are  identical.  However,  at  lower  values  of  m  the  deviation  be¬ 
comes  substantial.  Surprisingly,  the  shear  and  rotation  corrected  beam 
formula  ( SRCBF)  cannot  be  used  for  CDCB  specimens  to  define  a  value 
of  mj  that  coincides  with  the  m'  value  determined  from  compliance.  Re¬ 
calling  that  m’  is  an  experimental  value  determined  from  a  countoured 
double  cantilever  beam  (CDCB)  compliance  calibration,  a  comparison  can 
be  made  between  the  shear  corrected  beam  formula  (SCBF).  m,  and  the 
experimental  m' .  as  shown  in  Table  2. 
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Table  2 

Comparison  of  Culculiitctl  and  Experimentally  Determined 
Compliance  Terms  for  CDCB  Specimens 


m 

m' 

Error 

in.'1 

In.'1 

% 

90 

90 

0 

8 

13.7 

31.4 

4 

5.45 

38.8 

3 

4.13 

37.7 

1.33 

2.22 

66.9 

It  should  be  noted  that  the  value  of  m  obtained  from  the  beam 
formula  without  any  corrections,  such  as  the  rotation  correction  used 
for  UDCB  adherends,  remains  a  suitable  criterion  for  specimen  con¬ 
touring  even  for  large  differences  between  it  and  the  value  of  m'  de¬ 
termined  from  compliance  calibration. 

Re-examination  of  expression  2.2.26  shows  that,  although  any 
value  of  m  can  be  used  for  specimen  design,  its  absolute  shape  will 
depend  on  the  system  of  units  chosen.  For  example,  if  we  measure 
m  in  centimeters  instead  of  inches,  the  height  of  the  specimen  for  a 
given  absolute  value  of  crack  length  will  be  increased,  since  m  will 
be  multiplied  by  the  ratio  1:2.54'. 

To  avoid  the  question  of  dimensional  units,  specimen  design  can 
be  accomplished  using  the  dimensionless  parameters  mil  and  ma.  This 
technique  has  the  added  advantage  that  the  family  of  constant  K  spe¬ 
cimens.  defined  by  m.  are  reduced  to  a  single  curve  shape.  Figs.  1 
and  2.  For  adhesive  joint  adherends,  as  well  as  monolithic  fracture 
specimens,  the  specimen  design  criteria  to  be  satisfied  are  (1)  adequate 
adherend  strength  to  resist  adherend  yielding  during  the  test.  (2)  a 
suitable  crack  plane  length  so  that  fracture  data  can  be  obtained  over 
ns  long  n  range  as  possible,  and  ( 3)  a  reasonable  specimen  size  and 
cost.  In  addition,  monolithic  fracture  specimens  must  be  of  sufficient 
height  at  a  given  crack  length,  i.e.,  a  low  enough  m  value,  such  that 
the  crack  will  be  confined  to  the  center  plane  of  the  specimen.  For 
adhesive  joints  the  criteria  are  met  with  relatively  small  aluminum  adher 
ends,  e.g.,  m  =  90  in.  l.  where  the  crack  growth  data  is  analyzed  be¬ 
tween  a  values  of  1}  to  91  inches.  Monolithic  specimens  of  isotropic 


material  with  either  no  crack  directing  face  grooves  or  shallow  ones 
require  very  low  m  values,  e.g.,m=1.33in.  ,  over  crack  lengths 

of  2.3  to  5.6  inches.  Thus,  for  a  given  specimen  size  restriction 
the  lower  the  m  value  the  shorter  the  range  of  constant  K .  In  addi¬ 
tion,  in  order  to  guarantee  constant  K  over  the  full  range  of  the  con¬ 
tour  the  distance  to  the  end  of  the  specimen,  defined  as  W  -  a  or  b, 
must  be  at  least  1.25  times  the  half  height  at  the  end  of  the  contour 
(eg.  2.2.20).  Specimens  have  been  manufactured,  calibrated  and 
tested  over  the  range  of  ma  values  between  2  and  800.  Design  values 
of  ma  much  less  than  2  are  not  expected  to  produce  a  predictable  con¬ 
stant  K  contour  because  of  the  possible  crack  tip  stress  interaction  with 
the  local  stresses  associated  with  the  loading  pins. 


The  use  of  height  contoured  double  cantilever  beam  (CDCB) 
specimens  requires  an  accurate  measurement  of  compliance  change  as  a 
function  of  crack  length,  dC/da.  For  specimens  where  ma  is  large, 
e.g..  m  =  90  in.'1;  1.6  <  a  <  9  in.;  144  <  ma  <  810,  the  shear-corrected 
beam  formula  (SCBF)  expression  for  dC/da  can  be  used  directly,  and 
eq.  2.2.4  or  2.2.24  becomes: 


dC 

Jh 


ETT  (m) 


2.3.5 


and 


5B 


2B  EB 


(m) 


2.3.6 


The  fact  that  fi  can  be  calculated  directly  from  the  SCBF  solution  was 
determined  from  a  detailed  compliance  calibration,  done  with  14  solid 
CDCB  specimens  contoured  to  m  =  90  in.  1  and  slit  to  values  of  a  rang¬ 
ing  from  1.6  to  10  inches. 


As  m  and  ma  are  decreased,  the  start  of  the  contour  approaches 
the  loading  holes  and  the  shear-corrected  beam  formula  (SCBF)  calcula¬ 
tion  of  dC/da  no  longer  coincides  with  the  value  obtained  from  a  compli¬ 
ance  calibration.  However,  as  stated  earlier,  compliance  calibration  of 
CDCB  specimens  to  m  values  of  1.33  in.  1  have  shown  that  the  beam-formula 
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concept  for  specimen  design  is  adequate  to  obtain  constant  dC/da 
over  the  ma  range  used  for  this  program.  For  these  cases,  m  is  re 
placed  in  eq.  2.2.6  with  m’ .  an  experimental  value  determined  from  a 
compliance  calibration. 


Several  numerical  solutions  are  available  that  enable  calculation 

of  dC/da  thut  come  closer  than  the  SCBF  to  the  value  determined  from 

compliance.  The  boundary  value  collocation  (HVC)  technique*^  uses 

straight  contours  to  approximate  the  shape  while  the  finite  element 

technique*  can  be  used  for  curved  specimen  contours.  Each  tech' 

nique  has  been  used  to  evaluate  a  range  of  the  ma  contour  for  C  chosen. 

such  that  the  contour  can  be  approximated  by  a  straight  line.  Thus,  at  the 

- 1 

high  mil  values,  used  for  the  contoured  m  =  90  in .  adhesive  specimen,  the 
finite  element  method  (FFM)  gives  a  calculated  dC/da  value  closer  to  that 
determined  from  experimental  compliance  than  does  collocation. 

At  values  of  ma  between  2  and  8  (  for  £  between  0.7  and  1.5) 
both  numerical  solutions  give  similar  values  for  the  dimensionless  compli¬ 
ance  parameter  KB/a/P.  Experimental  compliance  measurements  on 
straight -contour  CDCB  specimens  in  this  range  agree  moderately  well 
with  the  calculated  values.  A  fit  equation  for  the  data  can  also  be  ob¬ 
tained  from  a  combination  of  the  modified  beam  formula  equations  devel¬ 
oped  for  the  straight  sided  DCB  specimen.  Recall  (eq.  2.2.7)  that 
dC/da  for  IJDCB  specimens  could  be  calculated  using  an  empirical  shear 
and  rotation  corrected  beam  formula  (SRCBF)  expressed  as  a  dimension¬ 
less  parameter,  (eq.  2.2.10)  while  the  SCBF  expression  was  somewhat 
simpler: 


KB  t  a 


/ 


r.  or  ♦  i) 


2.3.7 


A  combination  of  these  two  expressions  (FITBF)  can  be  obtained  as 
follows: 


where 


k  *  a  fitting  parameter  to  determine  the  amount 
of  each  term  in  the  expression;  e.g.,  k  *  1 
for  the  case  where  only  SRCBF  expression 
is  valid,  k  *  0  for  the  SCBF  alone. 

Using  the  compliance  calibration  data  for  specimens  in  the  ma  range 
between  2.5  and  11.  k  was  found  to  be  equal  to  1/3.  thus: 

=  2  /it3  ♦  4£  (0.3C  ♦  0.34)  2.3.9 

The  compliance  calibration  range  of  possible  cantilever  beam  specimens 
can  be  shown  on  a  plot  using  the  dimensionless  variables  C  *nd  KB/a/P, 

Fig.  3  (see  also  Table  3).  Several  curves  and  data  points  from  constant 
dC/da  specimens  are  included  for  comparison.  The  lower  curve  is  calcu¬ 
lated  from  beam  theory,  (eq.  2.3.7;  SCBF)  while  the  two  curves  above 
it  are  empirically  obtained;  the  upper  one  being  the  rotation  modified  ex¬ 
pression  (eq.  2.3.5;  SRCBF)  and  the  middle  one  the  weighted  sum  of  the 
two  (eq.  2.3.9;  FITBF).  The  uppermost  curve  is  obtained  from  the  pub¬ 
lished  compliance  calibration  of  compact  specimens.  ASTM  E399-78.  and  is 
used  to  demonstrate  that  end  effects  become  important  at  (W  -  a)/H  or  b/H 
ratios  of  less  than  1.19.  eq .  2.2.20. 

Data  points  from  the  compliance  calibration  of  three  specimen  con¬ 
figurations.  m  =  1.33,3  and  4  in.  *,  are  included  as  are  calculated  values 
of  KB/a/P  from  FKM  and  BVC.  An  expanded  plot  of  the  data  in  the  range 
0.5  -  C  -  1-6  is  shown  in  Fig.  4. 

At  high  values  of  C  (e.g..  C  >  3)  the  shear  corrected  beam  formula 
(SCBF)  and  FEM  give  essentially  identical  results  while  BVC,  being  based 
on  a  straight  line  approximation  of  the  specimen  shape,  is  somewhat  higher 
(Fig.  3).  For  values  of  (  between  0.6  and  1.6  (Fig.  4)  which  is  the  range 
for  monolithic  specimens  requiring  little  or  no  crack  directing  face  grooves, 
both  the  BVC  and  FEM  points  lie  approximately  on  the  line  defined  by  the 
empirical  beam  formula  fit  expression  (FITBF).  eq .  2.3.7.  Compliance 
data  from  two  of  the  three  CDCB  specimens  fall  on  this  FITBF  curve. 
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Crack  Plnne  Distance  Parameter 
1.0  2  4  6  10  20  1 


Empirical  Formula  /m 

written  aa  beam  formula  // 
with  shear  and  rotation  correctAi 
(SRCBF) - v  // 


Standard  E399-78 
Compact  Tension  Specimen 
H/W  0.6  ^ 


Possible  Influence  of 
IxMidinff  Holes 


End  Effect  Criterion 
b/H  «  1.19 


Simple  Beam  Formula 
with  Shear  Correction 
( SCBF) 


B  -  B  VC 
F  -  FEM 


Pern  met  eri  red  Crack  Length  -  4  -  »l  H 

Parameterized  Compliance  Calibration  Results  for  Three  Specimen 
Shapes.  Data  Lines  Added  are  (1)  Shear  Corrected  Beam  Formula 
(SCBF)  used  for  CDCB  Specimens  Above  ma  *  100  and  (2)  the 
Empirical  Shear  and  Rotation  Corrected  Beam  Formula  (SRCBF)  used 
for  UDCB  Specimens. 


Compliance  Parameter  -  KB  */a/P 


Crack  Plane  Distance  Parameter  ■  ma 


1.2  1.7  2  3  4  5  6  7  8  9  10  12  14 


Fir.  4  Parameterized  Compliance  Calibration  Results  for  Three  Specimen 
Shapes  (expanded  scale  of  Kip.  3  ).  Note  that  m  =  3  and  4  in."* 
Specimen  Compliance  Data  the  Numerical  Boundary  Value  Collocation 
(BVC)  and  Finite  Element  Method  (FF.M)  Points  are  Fitted  by  the 
Empirical  Weighted  Average  Curve  (FITBF).  Note  also  that  the 
m  *  1.33  in.  data  is  not  fitted  due  to  compliance  calibration  with 
12.5  percent  per  side  face  grooves. 
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hnwcvor .  data  from  tho  m  =  1.33  in.  1  specimen  lies  somewhat  above  the 
others.  This  apparent  anomaly  can  bo  understood  in  light  of  the  fact 
that  compliance  data  from  these  specimens  were  obtained  on  blanks  hav¬ 
ing  25  percent  face  grooves  to  duplicate  the  actual  specimen  configura¬ 
tion.  Thus,  the  displaced  curve  is  related  to  the  face  groove  depth  and 
configuration.  The  position  of  the  compliance  curve  as  a  function  of 
face  groove  dimensions  has  been  determined  experimentally  for  each  CDCH 
contour  to  be  used  in  a  given  test  program,  however,  no  general  numerical 
method  has  yet  been  applied  to  this  task. 


The  use  of  the  shear  corrected  beam  formula  (SCBF)  in  the  de¬ 
sign  of  constant  dC/da  specimens  has  been  shown  to  be  satisfactory.  The 
actual  value  of  dC/da  cannot  be  predicted  from  the  SCBF  at  values  of  £ 
less  than  3  (ma  <  30)  and  for  non- face  grooved  specimens.  A  very  good 
estimate  of  the  dimensionless,  tnr  compliance  parameter.  KB/a/P,  can  be 
obtained  from  BVC.  FEM  or  FITBF,  an  empirical  modification  of  the  beam 
formula  similar  to  that  used  for  UDCB  specimens.  However,  face  grooving 
of  a  given  specimen  shape  requires  a  new  compliance  calibration.  Never¬ 
theless.  for  modest  face  grooves,  c.g.,  12.5  percent  per  side,  an  approxi¬ 
mate  calibration  can  be  calculated  by  using  eq .  2.3.8  with  a  k  value  of  0.5. 
No  BVC  or  FEM  calculations  are  available  that  allow  inclusion  of  face  grooves. 

The  use  of  contoured  double  cantilever  beam  (CDCB),  constant 
dC/da.  specimens  made  from  monolithic  materials,  e.g.,  bulk  adhesive,  is 
often  limited  because  of  non  planar  crack  growth.  For  m  values  greater 
than  2  in.  face  grooves  must  be  provided  along  tho  desired  crack  plane 
to  avoid  a  circumstance  denoted  "arm  break  off".  For  non-side  grooved 
specimens,  as  m  increases,  thro  is  on  increased  possibility  that  the  crack 
will  leave  the  crack  plane  in  the  center  of  the  specimen  and  break  off  a 
small  part  of  "arm”  of  the  specimen  near  one  loading  hole.  The  tendency 
for  this  type  of  fracture  is  undoubtedly  related  to  the  magnitude  of  the 
bending  stress,  o  .  parallel  to  the  crack  plane  relative  to  the  critical 
perpendicular  stress.  oy .  which  occurs  during  crack  extension,  e.g.,  the 
ratio  -»x/oy.  Thus,  a  specimen  design  that  would  lower  the  bending  stress 
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at  a  (riven  fracture  load.  e.g. .  a  lower  m  value,  would  be  more  likely  to 
keep  the  crack  in  the  center  plane.  The  nominal  bending  stress,  o^. 
can  be  calculated  from  strength  of  materials,  i.e.: 


Rewriting  this  expression  in  terms  of  a/H  or  ( 


o 


x 


6P  .2 

Pi.  C 


2.3.10 


2.3.11 


Since  the  calculation  of  a  nominal  stress,  o^.  at  the  crack  tip  cannot  be 
done  simply,  except  when  the  crack  front  is  near  the  free  back  edge  of 
the  specimen,  the  value  of  the  applied  K  is  used  in  place  of  in  the 
calculation  of  a  crack  stability  parameter,  K/v 

This  ratio  has  the  dimensions  of  the  square  root  of  length,  e.g.. 
(inch)^.  which  is  consistent  with  laboratory  experience  using  UDCB  spe¬ 
cimens.  For  monolithic  uniform  beam  specimens  tested  at  a  given  crack 
length,  the  greater  the  value  of  H  (i.e. ,  the  smaller  the  value  of  the 
nominal  stress)  the  greater  the  tendency  of  the  crack  to  run  straight. 
Additionally,  the  tougher  the  material  (i.e.,  the  greater  the  value  of  Kq 
or  Kjc>  the  larger  the  plastic  zone  surrounding  the  crack  tip  and  the 
greater  the  tendency  for  crack  deviation.  Both  of  these  phenomena  sug¬ 
gest  that  the  dimensional  quantity.  K/ox.  he  used  as  the  crack  stability 
parameter.  Since  crack  stability  is  expected  to  depend  on  a  number  of 
factors,  the  specification  of  a  minimum  K/ox  cannot  be  made.  Rather, 
the  ratio  K/ox  is  used  as  a  qualitative  estimate  of  the  possibility  of  crack 
deviation  for  a  given  specimen.  From  an  experimental  point  of  view, 
should  a  given  specimen  present  a  problem  controlling  crack  direction, 
modifying  it  so  as  to  obtain  a  higher  value  of  K/oxwould  tend  to  increase 
crack  direction  stability. 

Calculation  of  K/ox  can  be  done  using  the  definition  of  ox  and 
the  three  expressions  for  the  dimensionless  parameter  KB/a/P.  The 
first  of  these  (eq.  2.3.2)  is  based  on  the  empirical  shear  and  rotation 
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or 


2.3.18 


To  find  the  minimum  in  this  expression,  i.e.,  the  value  of  ms  where 
K/ox  /aQ  is  the  lowest,  we  differentiate  eq.  2.3.18  with  respect  to 
(ma)  and  set  the  derivative  equal  to  zero: 


d 

dlma) 


0 


1 

and  thus: 

C 


1  (ma)(  2)  d£ 


=  0 


1  2  (3C  ♦  1) 

— 3 - 5 —  a! - 

3C  3CZ  (9C  ♦  1) 


-  2 


or  ♦  i) 

9C*  ♦  1 


✓  3 

T 


2.3.19 


2.3.20 


2.3.21 


2.3.22 


Thus,  the  highest  probability  of  crack  deviation  is  found  at  an  ma 
value  where  C  =  /3/3,  i.e. 


ma  =  C  (3C2  ♦  1)  »  3  1.1547  2.3.23 

Expressions  for  K/ox/ao  can  also  be  found  for  UDCB  specimens  and 
CDCB’s  at  low  values  of  ma  using  eq.  2.3.11  and  eqs.  2.3.3  and  2.3.9, 
respectively,  for  UDCB's, 

K  _  «  _! —  (  / C|3(C  »  0.6)J  ♦  11  )  2.3.24 

°*  -  *o  /"*o  55 


Substituting 


/  ma 
K 

°x  /no 


A  <3C2  ♦  1) 

— ~  Ac2  ♦  1  /(C  ♦  0.62  ♦  1)) 

/mi 

o 


2.3.25 
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=  — -  X  *  1  ♦  3.6C  ♦  2.08 

^  .^nao  - 

=  — -  {Jv  A?  +  1  Ait?  *  1 . 2f.  *  1.36}  2.3.26 

o  A  ^ 

X  o  o 

Expressions  2.3.25  and  2.3.26  are  not  as  easily  differentiable,  however, 
the  minimum  values  of  K/o  /no  for  both  eases  are  found  numerically  at 
values  of  ms  somewhat  above  1.155.  i.e.,  1.323  and  1.522  for  eqs. 

2.3.26  and  2.3.25,  respectively.  For  CDCB  specimens  at  low  ma  values, 
eq.  2.3.26  can  be  used  (after  eliminating  ao>  to  generate  a  family  of  a 
vs.  K/o  curves  for  m  values  of  interest.  Fig.  5.  Although  the  im- 

x  _  i 

provement  in  K/o^  goes  as  the  square  root  of  m  the  m  =  1.33  in. 
specimen  has  demonstrated  little  tendency  for  crack  deviation  compared 
to  that  experienced  using  m  values  of  3  in.  1  or  greater  in  monolithic 
materials.  It  should  be  noted  that  when  m  is  changed,  both  the  sire 
of  the  specimen  is  changed  and  its  geometry  relative  to  the  ma  curve 
is  shifted.  Fig.  5  also  includes  K  lo*  va.  a  data  for  UDCB  specimens 
with  height.  H,  as  a  parameter  obtained  using  eqa.  2.3.11  and  2.3.3: 

=  A  [3(C  ♦  0.6)2  ♦  11  2.3.27 

°x  sr 

The  family  of  UDCB  curves  shows  that  the  m  =  1.33  in.  '  shape  is 
more  stable  than  a  2-inch  UDCB  specimen  when  the  crack  length,  a 
is  2.25  in.,  and  a  4-inch  UDCB  when  a  is  7  inches.  For  comparison, 
the  m  =  4  in.  1  shape  is  equivalent  in  stability  to  a  1-inch  UDCB  at 
a  =  1.5  inches  and  a  3-inch  UDCB  at  n  =  8  inches.  This  comparison 
is  useful  in  that  it  demonstrates  the  sensitivity  of  the  stability  parameter, 
K/o  .  An  estimate  of  the  upper  bound  value  of  K/o  necessary  for 
crack  plane  stability  can  be  obtained  from  the  successful  compact  tension 
specimen  (CS)  geometry.  For  a  non-face  grooved  IT  CS  specimen 
hnving  a  K^  of  45  ksi  »4n.  and  a  yield  strength,  cq,  of  100  ksi,  the 
value  of  K/ox  is  about  1.4  »4n.  at  a/W  =  0.55.  This  implies  that  a 
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non- face  (grooved  m  =  1.33  in.  1  specimen  could  be  tested  without  crack 
plane  deviation  using  similar  or  tougher  material. 

A  convenient  representation  of  the  effect  on  the  stability 

parameter  of  moving  along  the  ma  curve  is  shown  in  Fig.  6.  This 

is  a  plot  of  ma  vs.  mil  with  the  superimposed,  scaled  dimensionless 

parameter  K/o/'a”  from  eq.  2.3.26.  For  this  plot  the  constant  /mao 

is  0.25.  This  plot  shows  that  all  specimens  used  to  date  are  at  or 

slightly  beyond  the  minimum  value  of  K/o  /aQ.  Thus,  crack  stability 

should  improve  with  increasing  crack  length.  A  tentative  conclusion  that 

might  be  drawn  from  Figs.  5  and  6  is  that  a  value  of  K/o  equal  to  or 

i  x 

larger  than  1.3  (in.)  is  required  for  a  substantial  degree  of  crack 

stability,  especially  with  low  strength  materials.  Fig.  7,  a  plot  of  £  vs. 

KBrfc/P.  similar  to  Fig.  4.  includes  the  dimensionless  parameter  lOK/o^  as 

calculated  from  eq.  2.3.24  for  IIDCB  specimens.  This  figure  shows  that 

the  bending  stress,  relative  to  K,  decreases  as  the  crack  length  parameter. 

C  .  increases.  Thus,  for  uniform  beam  specimens,  even  though  longer 

crack  lengths  require  lower  loads  to  produce  a  given  value  of  K.  the 

longer  the  crack  length  for  a  given  value  of  H  and  K,  the  less  the 

crack  stability.  This  trend  is  opposite  to  that  obtained  on  CDCB  ad- 

herends  where  increases  In  (  or  ma  result  in  increased  stability. 
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Tabled  Values  of  m«  ,  mH  and  C  for 
Double  Cantilever  Beam  Specimens  vs.  Dimeruuonless 
Crack  Stability  Parameter  lOK/o  ” 


ma 

mH 

L 

10K 

0.3 

1.191 

0.252 

35.87 

0.5 

1.389 

0.360 

22.79 

1.0 

1.864 

0.536 

14.38 

2.0 

2.676 

0.747 

10.24 

3.0 

3.373 

0.889 

8.71 

4.0 

4.000 

1.000 

7.86 

5.0 

4.578 

1.092 

7.30 

6.0 

5.120 

1.172 

6.89 

7.0 

5.633 

1.243 

6.58 

8.0 

6.122 

1.307 

6.53 

9.0 

6.592 

1.365 

6.13 

10.0 

7.045 

1.419 

5.95 

11.0 

7.483 

1.470 

5.80 

12.0 

7.908 

1.157 

5.67 

13.0 

8.322 

1.562 

5.55 

14.0 

8.725 

1.605 

5.44 

♦  J.fot2*  1):  C-S 

ma  =  £  (3 C  ♦  1);  mH  -  (3C2  ♦  1);  C  1  ^ 


2 

(2)  ox  is  the  bending  stress,  fiPa/BH 


Crock  Plane  Distance  Parameter  -  ma 


1.3  1.7  2  3  4  5  6  7  8  9  10  12  14 


Parameterized  Crack  Length  -  ^  =  a/H 

.  7  Parameterized  Compliance  Calibration  Curves  Plotted  with  Crack 

Stability  Parameter.  10K/  «Xx  Va”  for  Uniform  Beam  (UDCB)  Specimens 
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2.4  \lod«;I  Analysis  of  Width  Tapered  Hearn  (W  TB)  Specimen  a 

The  toughness  and  loading  response  of  large  area  bonded 
aircraft  panels  was  suspected  to  be  different  enough  from  narrow  area 
specimens  that  a  new  mode-1  "constant -K"  specimen  was  designed  to 
evaluate  actual  structurally  bonded  panels.  While  it  was  always  pos¬ 
sible  to  use  a  simple  or  moment  loaded  uniform  DCR .  the  difficulty  of 
each  loading  condition,  (e.g.,  the  need  to  know  crack  lengths  or  the 
more  complex  loading  geometry)  led  to  the  development  of  a  simply 
loaded,  linearly-width-tapered  beam  (WTB)  specimen . Such  a 
specimen,  although  "constant -K" ,  does  not  have  a  constant  value  for 
the  compliance  change  as  a  function  of  crack  length,  dC/da.  Instead, 
the  change  in  width,  B,  with  crack  length  is  such  that  the  value  of 
(dC/da)  /B  is  constant  over  some  region  of  crack  length,  thus  giving 
"constant-K”  (i.e.,  constant  compliance  change)  for  a  given  area.  A,  of 
crack  motion,  dC/dA. 

Recoil  that  the  beam  formula  expression  for  Jk,  from  eq.  2.2.1 
and  2.2.4.  neglecting  the  shear  term  is: 


l  -  P2  dC  _  P2  .  8  3a2 

4  ■  5b;.  <nr  *  a—  1  nr*  ht  1 


2.4.1 


For  width  tapered  beams  (WTB)  where  =  B.  the  loading  holes  are 
at  the  apex  of  the  taper,  and  /i  is  expressed  as  an  a/B  ratio: 


Because  of  data  on  uniform  DCB  specimens,  it  was  not  expected  that 
the  above  expression  for  S  would  be  accurate  without  some  type  of 
"rotation  correction"  to  the  beam  formula  used  in  the  derivation.  How¬ 
ever.  unlike  the  the  height  contoured  DCB  specimens  (CDCB),  correcting 
the  equation  alone  was  not  sufficient  to  obtain  "constant-K".  For 
width  tapered  beams  (WTB).  it  was  necessary  to  manufacture  compliance 
calibration  specimens  and  measure  the  change  in  the  value  of  (dC/da)/B 
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ns  a  function  of  crack  length.  This  enabled  the  loading  holes  to  be 
moved  from  the  apex  of  the  taper  in  the  direction  of  increased  crack 
lengths  »o  as  to  make  the  value  of  (dC/da)/B  constant. 

If  the  loading  holes  are  moved,  keeping  the  taper  angle  the 
same.  eq.  2.4.2  must  be  modified  to  reflect  the  fact  that  a  in  the  ex¬ 
pression  will  not  be  correct.  If  the  taper  angle  is  given  ss  k  snd 
defined  as  the  value  of  a/B  if  the  loading  holes  were  at  the  apex  of 
the  taper;  eq.  2.4.2  becomes: 


2.4.3 


Assuming  that  the  loading  holes  are  moved  to  a  position  BQk  where 
B  is  the  width  at  a  given  distance  from  the  apex  of  the  taper  the  ex¬ 
pression  for  the  total  compliance  is: 

C  *  C  ♦  (2  KB  k  ♦  al2  -  (B  k  4  a  >2]  2.4.4 

o  EH1  o  o  o 

where 

a  =  the  approximate  length  of  the  grip  end 

°  section  of  the  specimen  from  the  loading 

holes  to  the  point  where  the  taper  begins 


C  *  the  compliance  of  the  section  of  the  speci¬ 

men  to  a 

o 

The  value  of  BQk  was  initially  determined  from  compliance  calibration 
to  be  0.143  in.  For  the  adherend  height  of  the  WTB  specimens  used 
(e.g..  0.377  in.)  this  value  corresponds  to  a  "rotation  correction"  to 
the  beam  formula,  i.e.,  PH.  of  0.38  H.  Subsequent  redetermination 
of  (dC/da)/B  from  the  same  compliance  specimens  with  loading  holes 
relocated  to  0.143  in.  showed  that  the  value  of  0.38  H  was  still  too 
smnll.  Calculations  of  new  loading  hole  placement  indicated  a  value  of 
0.55  H  or  0.207  in.(,®\  Since  relocating  the  loading  holes  to  a  third 
location  could  not  be  done,  the  value  of  0.55  H  is  in  some  doubt.  It 
should  be  noted  that  the  total  error  in  Jb,  calculated  from  eq.  2.4.3 
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and  using  a  specimen  prepared  with  loading  holes  at  0.38  H  rather 
than  a  0.55  H,  is  estimated  at  no  more  than  5  percent  over  the  crack 
length  range  of  3  to  7  inches.  In  addition,  it  is  expected  that  the 
value  of  0H  will  be  close  to  0.6  H  as  was  found  in  uniform  beam  ad- 
hcrends.  , 


Calculation  by  compliance  of  the  absolute  value  of  crack  length, 
needed  for  determination  of  fatigue  and/or  stress  corrosion  cracking 
(SCC)  rates  at  a  given  applied  &  or  A  it  .  is  considerably  more  diffl- 

t 

cult  than  for  CDCB  height  contoured  specimens.  For  CDCB  adherends 
a  given  change  in  compliance,  in  the  "constant -K"  region,  is  directly 
related  to  a  given  change  in  crack  length,  e.g.. 


.la 

=  <as>  AC 

■\ 

2.4.5 

Aa 

=  a  given  amount  of  crack  extension 

AC 

=  a  given  change  in  compliance 

dC  /da 

*  the  constant  compliance  change  for  the 
particular  CDCB  geomotry 

For  WTB  specimens  a  given  compliance  change  is  not  directly 
related  to  crack  length  change  and.  In  fact,  will  mean  a  different 
value  of  crack  length,  depending  on  the  initial  crack  position  where 
the  measurement  was  begun,  i.e.. 


dC  _  24  (a  ♦  8H)2 

as  ^3  b — 


2.4.6 


The  crack  length  can  be  determined  from  the  total  compliance 
rather  than  compliance  change,  and  rewriting  eq.  2.4.4  in  terms  of 
,  we  obtain  : 


12k  2 

C  ♦  (2  H6H  ♦  a) 

°  EH3 


(6H  ♦  aQ)  1) 


2.4.7 


The  use  of  total  compliance  for  calculation  of  crack  motion  requires  a 
very  accurately  made  compliance  calibration  using  the  value  of  0H 


appropriate  to  this  class  of  specimen  (e.g.,  0.6  H).  However,  this 
technique  is  commonly  used  for  compact  specimens  with  good  accuracy. 
Presumably,  if  geometrically  similar  WTB  specimen  geometries  are  used 
one  could  scale  values  of  CQ,  however,  a  standard  WTB  specimen  is 
yet  to  be  manufactured  and  calibrated. 

3.0  Mixed- mode.  Crack  length  Indifferent,  Tests. 

Specimen  Design  and  Analysis 

3. 1  Introduction^  Review  of  Analyzed  Mixed -Mode  Specimens 

Fracture  toughness  test  specimens  for  monolithic  materials  have 
most  often  been  made  with  the  underlying  assumption  that  fracturing 
will  occur  in  mode-1  or  cleavage  in  a  direction  perpendicular  to  the 
maximum  normal  stress.  Kven  for  monolithic  material  directions)  prop¬ 
erties.  e.g..  a  weak  plane,  can  result  in  crack  growth  with  some  com¬ 
bination  of  mode- 1  and  one  or  both  of  the  other  shearing  modes.  For 
structural  adhesive  joint  design  the  amount  of  shear  loading  is  maximized, 
often  by  the  use  of  added  fasteners,  so  that  as  little  of  a  mode-1  com¬ 
ponent  as  possible  appears  on  the  bond  line.  Of  course,  not  all  of  the 
mode  I  loading  can  be  eliminated,  thus,  test  methods  for  adhesive  bonds 
have  been  designed  to  include  determination  of  the  effect  of  mixed-mode 
loading  where  the  amount  of  the  shear  components  is  high  compared  to 
the  opening  mode  component. 

Several  specimens  having  the  crack  length  indifferent  or  "con¬ 
stant  K”  design,  have  been  manufactured  and  tested  by  this  laboratory. 
For  this  class  of  specimen  were  an  accurate  analysis  for  mixed- mode 
loading  to  be  available,  the  values  of  the  toughness  parameters  could  be 
determined  directly  from  the  value  of  loads  needed  for  onset  of  rapid 
fracture,  crack  arrest  and  the  number  of  parameters  used  to  character¬ 
ize  slow  growth. 

/&  or  K  nnnlvsis  of  mixed  modes  I  and  II  or  II,  or  pure  shear 
modes  II  and  III,  is  substantially  more  complex  than  for  pure  mode-I 
nlone  because  of  the  difficulty  in  defining  the  true  amount  of  mode- 1 
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present.  This  can  be  the  case  even  though  the  specimen  is  designed 
for  pure  shear  alone.  For  example,  an  examination  of  the  load  path 
for  standard  (not  "constant-K")  thick  adherend  lap  shear  (TALS)  spe¬ 
cimens  appears  to  be  one  of  pure  shear,  however,  numerical  analysis 
of  the  deformation  of  this  specimen  during  loading  shows  that  mode*I 
forces  will  occur  at  the  free  ends  of  each  overlap.  While  the  amount 
of  node-1  in  such  specimens  is  likely  to  be  the  same  for  each  test  in 
this  configuration,  the  percentage  of  the  parasitic  mode- 1  component 
cannot  be  readily  calculated.  The  problem  is  leas  important  for  TALS 
specimens  and  others  used  for  qualitative  evaluation  and  quality  assur¬ 
ance  than  for  those  designed  for  quantitative  fracture  control. 

Four  fracture  mechanics  specimens  have  been  designed  and/or 
used  at  this  laboratory  for  evaluation  of  mixed  mode  loading.  The  first, 
a  CDCH  loaded  at  an  angle,  was  used  to  determine  if  a  small  mode-II 
component  could  be  responsible  for  a  loss  in  total  toughness  Ayc  or  K.^. 
This  specimen,  although  difficult  to  load,  did  show  that  when  was  a 

small  percentage  of  the  total  &,  the  critical  crack  extension  force 

was  not  lowered  or  changed  significantly . 

The  second  specimen  named  the  beam  column  (BC)  specimen, 
was  a  uniform  DCH  that  could  be  loaded  simultaneously  with  a  moment 
to  produce  the  mode-I  component  and  an  in-plane  load  to  produce  the 
pure  mode-II  component.  This  loading  arrangement  was  designed  for 
crack  length  independence  or  "constant-^"  and  if  the  loada  are  put  on 
independently  nnd  without  interaction  the  approximate  value  of  the  two 
i  values^  1 1  *  are : 

3.1.1 

3.1.2 

where 


II 


'  II 

T~ 

H  HE 


12  M 


=  the  applied in  the  forward  shearing 
mode,  mode-II 

/ij  =  the  applied  &  in  the  cleavage  or  mode- 1 
direction 

B  =  UDCB  adherend  width 

H  *  UDCB  adherend  height 

M  =  the  moment  for  the  application  of  the  mode-I 
load,  e.g.,  PjL.j  :  the  force,  Pj  multiplied  by 
a  lever  arm  l.j  of  the  particular  fixture 

7 

E  =  the  elastic  modulus  of  adherends;  e.g.  10  psi 

Note  that  eqs.  3.1.1  and  3.1.2  arc  expected  to  be  less  accurate  than  the 
simply  loaded  UDCB  case,  which  contain  shear  and  rotation  corrections  to 
the  beam  formula  to  obtain  a  more  correct  value  of  dC/da.  The  calculation 
of  the  total  b  at  fracture.  cannot  be  made  with  certainty  without  a 

determination  of  the  compliance  characteristics  of  the  specimen  for  the 
given  loading.  Nevertheless,  mixed-mode  tests  of  several  adhesive  com¬ 
positions  were  made  with  the  beam  column  (BC)  specimen  to  evaluate  large 
effects.  Normal  and  shear  loads  were  kept  separate  by  measuring  each 
separately  using  strain  gages  mounted  to  both  arms  of  the  specimen.  Re¬ 
sults  from  this  specimen  also  indicated  that  the  addition  of  a  mode-II  com¬ 
ponent  did  not  alter  the  ^  more  than  a  value  indicated  by 

&  ♦  -  & 

I  II  Tc 

Size  limitations  (  the  1"  tall,  i  inch  wide  BC  specimen  adherends  had  a 
12  inch  bond  length)  prevented  increasing  the  ratio  above  0.29, 

thus  severely  limiting  its  usefulness.  Considering  the  statement  of 
c«j.  3.1.3.  further  compliance  calibration  of  a  small  BC  specimen  does  not 
appear  to  be  warranted. 

The  third  specimen  type  is  the  cracked  lap  shear  (CLS)  and  the 
fourth  is  the  modified  zero  K  gradient  (M7.KG),  both  of  which  are  covered 
in  the  following  sections. 
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The  Cracked  Lap  Shear  (CLS)  Specimen  for  Determination  of 
Adhesive  Fracturing  Behavior  for  Combined  Modes  1  and  11  Loading 


The  third  and  most  well  characterized  of  the  mixed-mode  speci¬ 
mens  is  the  cracked  lap  shear  or  CLS  specimen  for  mixed-mode  I  and  11 
(Fig.  g)f®)(HM12)(l3)^  Testing  and  mode-mix  analysis  (amount  of 
each  of  the  two  modes  making  up  the  total  /r ,  of  this  specimen 

were  done  concurrently;  consequently,  three  sets  of  closed  form  analyses 
were  performed.  Predicted  values  of  the  ratios  were  obtained 

for  each  analysis  and  compared  with  fracture  data  on  CLS  specimens.  The 
assumption  was  made  in  all  cases  that  the  calculated  mode-I  component  in 
the  mixed-mode  test  at  onset  of  rapid  fracture  would  approximate  the  value 
of  for  a  pure  mode-I  test.  Each  set  of  calculations  agreed  more 

closely  with  that  assumption,  i.e.,  the  mixed-mode  was  closer  to  the 

pure  mode  l  However,  at  this  time  a  more  complex  numerical 

analysis  of  the  specimen  would  be  needed  to  fix  the  £r^  /  ratio  for 
this  mixed- mode  loading  condition. 


All  of  the  analyses  begin  with  a  straightforward  calculation  of 
the  total  strain  energy  release  rate.  6^,  using  the  calculation  of  the 
change  in  strain  energy  as  the  crack  elongates. 


'  1 


EjA2 

rear 


3.2.1 


where 


P 

BN 


(EA)q  * 
For  face  grooved 


applied  load 

bond  width  remaining  after  face  grooving 
elastic  modulus  of  the  long  adherond 
area  of  the  long  adherend 

the  modulus  weighted  area  of  the  bonded  adherends 
specimen : 


A2  =  H2  (B)  ♦  G/2  (Bn) 


3.2.2 
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and 

<EA)0 

S 

E2A2  ♦  EjAj  3.2.3 

(EA)o 

s 

E2  1  H2B  *  f  BN  ]  ♦  E,  (  HjB  ♦  £bn1  3.2.4 

where 

E1 

s 

clastic  modulus  of  the  short  adherend 

B 

s 

width  of  the  CLS  specimen  prior  to 
face  grooving 

A1 

3 

area  of  the  short  adherend 

G 

3 

face  groove  width  or  gap 

H1 

= 

full  width  height  of  the  short  adherend  after 
face  grooving  (Hj  =  tj  ♦  G/2) 

h2 

S 

full  width  height  of  long  adherend  after  face 
grooving  (H2  *  t2  ♦  G/2) 

*1 

3 

total  height  of  short  adherend 

l2 

3 

total  height  of  long  adherend 

For  the 

face  grooved  specimens,  eq.  3.2.1  can  be  written  in  terms  of 

the  average  tension  stress  in  the  long  adhcrcnd  and  the  tensile  stiff 


ness  parameter,  viz.. 


k 

Eltl 

El’l  *  E2*2 

3.2.5 

0 

P 

-  q<r 

3.2.6 

o\ 

=  rF2k 

3.2.7 

In  this  calculation  k  rnngcs  from  0  to  1  ns  the  ratio  of  t ^ /t j  goes  from 
0  to  infinity. 

The  calculation  of  the  mode- 1  component  of  the  for  the  simplest 
case  can  be  Cand  using  n  compliance  analysis  similar  to  that  used  for  pure 
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adherent!  materinl  over  a  range  of  thicknesses.  For  this  calculation  the 
“  j I  ratios  most  easily  accessible  with  adherends  of  the  same  material 
are  0.2  to  0.35.  If  lower  amounts  of  ^  are  required. adherends  of  dif¬ 
ferent  moduli  can  be  used  to  obtain  a  J1  equal  to  10  percent  of  the  total. 
Testing  of  equal  moduli  specimens  has  been  limited,  however,  to 
ratios  no  lower  than  0.27.  In  addition.  CLS  specimens  bonded  with  tough 
adhesives  require  load  values  for  onset  of  rapid  fracture.  4j.c.  above 
the  value  of  yield  strength  for  7075  T  651  aluminum  when  the  adherends 
used  are  less  than  5/8  in.  thick. 


In  light  of  the  measured  values  of  Aj>c .  the  above  solution  was  also 
thought  to  give  values  of  the  ^,/^T  ratio  that  were  too  high.  For  ex¬ 
ample.  the  value  of  the  -.  component  for  the  test  cited  above  was  of  the 
order  of  23  lbs /in.  (  ^j/Ap  was  calculated  at  0.33  for  t  j  /t 2  of  2)  which 
was  still  substantially  above  the  pure  mode-1  A  value  of  12.5  lbs /in. 

1C 

A  third,  but  approximate,  solution  was  then  obtained  by  considering  an 
equal  adhercnd  thickness,  the  same  adherend  material,  CI.S  specimen 
subjected  to  a  uniform  bending  moment.  Fig.  10.  The  total  strain  energy 
release  rate  for  this  loading  is  calculated  in  a  similar  manner  to  that  for 
the  tension  case  shown  in  eq.  3.2.1  and  leads  to<13*: 


■i 


M 

5b^TETT2 


(  l  - 


(K!)2 

nnro 


3.2.23 


lor  this  case,  where  loading  and  geometry  are  not  symmetric  about 
the  crack  plane,  the  CLS  specimen  in  pure  bondkig  is  not  a  pure  mode -I 
condition.  For  the  special  case  of  similar  material  adherends  of  equal 
thickness  the  problem  can  be  separated  into  symmetric  and  asymmetric 
parts  (Figs.  11-b  nnd  11-c)  each  of  which  can  be  solved  by  the  same 
virtunl  strain  energy  procedure: 


^  _  M2 

i  '  4  ft^7ETT2 

Jr  _  _ 3  M2 

n  XTRfiJm2 


3.2.24 


3.2.25 
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Using  the  definition  of  k  stated  earlier,  eq.  3.2.31  can  be  used  with 
eq.  3.2.1  to  obtain  a  table  showing  the  effect  on  the  6^1  ratio  of  vary¬ 
ing  the  thickness  of  the  adherends.  Table  5.  This  table  also  shows  the 
substantial  effect  of  side  groove  geometry  on  the  ratio.  Two  cases  from 
this  table  are  plotted  on  Fig.  12.  The  first  one  is  for  an  ungrooved 
specimen  and  the  second  is  for  a  deeply  grooved  case  where  B^/B  =  1/8 
and  0  is  3/16  inch.  For  the  CI.S  configurations  used  in  this  test  series 
./j/.^T  *8  raised  by  about  15  percent  for  deep  side  grooves. 

Recalculation  of  the  mixed  mode  from  the  earlier  case  using  the 
above  formulas  gives  a  value  of  about  30  lbs/in.  <  ^/ Aj.  =  0.3;  tj/tj  =  2) 
which  is  still  above  the  pure  mode-I  case,  but  is  the  lowest  value  obtained 
from  any  of  the  calculation  methods.  These  data  indicate  that  the  value 
of  the  mixed  mode  £  may  be  above  the  value  for  the  pure  mode-I  case 
showing  thnt  the  addition  of  shear  loading  is  more  beneficial  than  indicated 
from  the  standpoint  of  geometry  changes  in  the  mode  of  loading. 
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Table  4a 

Variation  in  A  lA^  for  CI.S  Specimens 
Having  Equal  Moduli  Adherends  as  a  Function  of  Adherend  Thickness 
(Uncorrected  Virtual  Strain  Energy  Method) 


t,/t2 

k 

i  /i 

V  T 

0.1 

0.091 

0.071 

0.2 

0.167 

0.134 

0.5 

0.333 

0.280 

0.8 

0.444 

0.370 

1.0 

0.500 

0.409 

1.2 

0.546 

0.436 

1.5 

0.600 

0.459 

1.952 

0.661 

0.469 

2.0 

0.667 

0.469 

3.0 

0.750 

0.444 

4.0 

0.800 

0.404 

6.0 

0.857 

0.331 

8.0 

0.889 

0.276 

10.0 

0.909 

0.235 

20.0 

0.952 

0.133 

50.0 

0.980 

0.057 

Table  4b 


Variation  in  Jb j/ ~T  for  CI.S  Specimens 
As  a  Function  of  Elastic  Modulus  and  Adhcrend  Thickness 
(Simply  Corrected  Case) 


I  T 

as  f  ((t 

,/«!>.  (E2 

/E 1 )  1 

t2,tl 

6.93 

4 

2.32 

2 

1 

0.5 

0.431 

0.25 

E2/Kl 

=  l 

0.100 

0.  162 

— 

0.269 

0. 358( n 

0.330 

— 

0.197 

(k) 

(0.126) 

(0.20) 

— 

(0.333) 

(0.50) 

(0.667) 

— 

(0.8) 

E2/Kl 

=  3 

-- 

0.060 

0. 100 

0.114 

0.204 

0.314 

— 

0.3651 (2) 3 

(k) 

— 

(0.077) 

(0.126) 

(0.143) 

(0.25) 

(0.40) 

— 

(0.571) 

Vl 

=  1/3 

— 

0.330 

— 

0.360<3)  0.257 

0.122 

0.100 

0.044 

(k) 

(0.429) 

— 

(0.60) 

(0.75) 

(0.857) 

(0.874) 

(0.923) 

*x 

n 


(1)  Peak  at  t  /t  *  0.H06  ) 

1  )  fij &  =  0.365 

(2)  Peak  at  t  /t  =  3.703  )  1  T 

1  1  )  k  *  0.554 

(3)  Peak  nt  t,/t  *  0.413  ) 
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CLS 

t:  j /  as  f  Cfreometry) 

corrected  virtual 
strain  energy 


CI.S  specimen  ^ /  J'jj  ratio  as  a  function  of  combined 
modulus,  thickness  parameter,  k.  from  equations  5  and 
22  (corrected  virtual  strain  enerjry  calculation). 


(a)  I.oaded  CI.S  specimen 


Line  of  action  of  P 


Local  centroid 
of  tensile  stiffness 


(b)  Location  of  centroid  during  loading 


10  Effect  of  loading  on  the  deformed  shape  of  CI.S  specimens 


(a)  CI.S  specimen  loaded  in  pure  bending. 


(b)  Symmetric  half  of  bending  moment  decomposition 


(c)  Antisymmetric  half  of  bending  moment  decomposition. 


CI.S  specimen  loaded  in  pure  bending  and  analyzed  by 
bending  moment  decomposition  into  symmetric  and  anti¬ 
symmetric  parts. 


CLS  Specimen 
/j /  -T  ms  h  f(  geometry) 
uniform  bending  moment 
decomposition 


Cf.S  specimen  “ j /  ^  ratio  as  a  function  of  combined 

modulus  thickness  parameter,  k.  for  two  adherend  face  groove 
geometries  (uniform  bending  moment  decomposition). 
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3.3  The  Modified  Zero  K  Gradient  (MZKG)  Specimen  for  Determination  of 


Adhesive  Fracturing  Behavior  for  Combined  Modes  l  and  111  Loading 

A  fourth  mixed  mode  crack  length  indifferent  adhesive  specimen  design 
is  one  where  the  shearing  forces  are  primarily  edgewise  sliding  or  mode- III 
directed.  This  type  of  design  has  great  promise  in  quantitatively  evaluat¬ 
ing  the  effect  of  high  shear  loading  on  crack  growth  parameters  with  the 
use  of  relatively  small  specimens.  Recall  that  the  mixed-mode-I  and  II, 

BC  specimen  (Section  2),  although  large,  was  inadequate  for  ratios  of 

^.,/Ar  above  0.29.  The  mode-III  adhesive  specimen  was  manufactured 

111  (15) 

by  modifying  a  design  used  for  plane  strain  testing  of  thin  sheet  .  The 

original  thin  sheet  specimen  was  denoted  the  "zero-K- gradient"  or  ZKG  spe¬ 
cimen.  and  its  modification  for  mode-III  adhesive  testing  was  denoted  the 
"modified  ZKG"  or  MZKG  specimen. 

The  development  of  the  specimen  shape  for  each  of  these  designs  re¬ 
quired  taking  into  consideration  the  stepped  cross  section  of  each. 

In  a  manner  similar  to  that  shown  in  cqs.  2.2.2  and  2.2.3.  the  compli¬ 
ance  derivative  in  the  expression  for  h  (eq.  2.2.1)  can  be  written  as 


2  2  2 
TE t- «■“♦«*> 


3.3.1 


For  the  stepped  cross  section,  1^  is  the  moment  of  inertia  about  the  center 
of  gravity  (CG).  If  we  rewrite  eq .  3.3.1  so  that  the  term  I  /B  appears 
inside  the  brackets: 


2  2 

2  .  3s  ♦  H  . 

3eb  (  '  ix7ir  ’ 


3.3.2 


Additionally,  the  term  H  in  the  brackets  is  the  shear  correction  term 
which  for  the  ’.'.KG  and  MZKG  cross  sections  is  replaced  by  2  y  where  y 
is  the  distance  from  the  top  of  the  beam  to  CG.  Note  that  for  uniform 
cross  section  beams  2  y  equals  II.  Replacing  H  by  2  y  in  3.3.2: 

dC  2  .  3a2  ♦  (2  y)2  .  ...... 


Moth  ZKG  and  MZKG  specimen  sketches  are  shown  in  Fig.  15.  One  dif¬ 
ference  in  nomenclature  should  be  pointed  out.  Eq.  2.2.1  is  generally 
written  for  the  case  where  the  crack  plane  width  is  B^.  This  is  cor¬ 
rect  for  the  ZKC.  specimen,  but  not  for  the  MZKG  specimen  where  the 
bond  area  is  defined  by  (see  Fig.  15).  Thus,  for  the  MZKG.  eq. 
2.2.1  is  rewritten  as: 


/ 


P2  dC 
^3  «■ 


3.3.4 


Note  that  the  &  written  in  eq.  3.3.4  is  not  defined  as  ^  because  of  the 
uncertainty  in  the  amount  of  parasitic  modes- 1  and  11  likely  to  be  present 
but  whose  amounts  cannot  be  readily  calculated. 

In  order  to  contour  the  specimen  for  constant  dC/da  the  bracketed 
part  of  eq .  3.3.3,  denoted  Mq,  must  be  made  constant: 


M 


3a2  *  (2  y>2 


Note  that  Mq  is  equal  to  12  m  whore 


3.3.5 


m 


( 


) 


3.3.6 


the  value  kept  constant  for  CDCB  specimen  described  earlier  (e.g.,  eq. 
2.2.4  and  2.2.26). 


We  first  define  the  instantaneous  position  of  the  CG .  y,  from  the 
top  of  the  contour. 


Aty,  *A2y2.  ... 

»  -  +  A2  +  ... 

"i  «t’  bn  *  H„  'r*(B  -  V 
y  *  --rN  nr,rv  nr-  iy  tr  - 


3.3.7 


3.3.8 


or 
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lN  2  B  ”  B2  2 

t  <Hi>  *  -r-1  <«„> 


N  ' 


3.3.9 


Eq.  2.2.1  is  for  the  general  ZKG  case  where  can  take  any  value.  For 
the  MZKG  specimen  HN  would  be  equal  to  B/2,  thus; 


2  2 

II.  +11 
1  o 

1  o 


3.3.10 


The  moment  of  inertia  referred  to  the  CG  is  most  easily  found  using 
the  parallel  axis  theorem: 


where 


=  V~Ad 


the  moment  of  inertia  referred  to  the  CG 

=  moment  of  inertia  referred  to  the  bottom  of  one 
adherend  (MZKG)  or  to  the  crack  plane  (ZKG) 

-  total  area  of  one  adherend  cross  section 

=  distance  from  the  CG  to  the  bottom  of  one  adher¬ 
end  (MZKG)  or  to  the  crack  plane  (ZKG) 


3.3.11 


For  ZKG  specimen : 


■  BHo  *  V-  *  »  <Ho  ‘  T  L> 


For  the  MZKG  specimen  when  B_,  =  B/2; 

N 


3.3.12 


3.3.13 


Since  d  is  (11  j  y)  eq.  3.3.10  can  be  rewritten  using  eq.  3.3.11  for  the 
ZKG  specimens  ns: 

HI  ^xi  1  Bw  i> 

f  IH,  “  ( 1  -  ~rs  >  L  j  -  B  [H  +  LI fH,  -  yj 


thus ; 


I  H,°  Bw  .3  Bm  - 

¥  *  -4--<1--¥'T-<Ho*TrLUHl-*)  3515 

For  the  MZKG  specimen  where  BN  =  B/2; 

L  Hl3  I3  L  -  2 

b  *  -f-T  -  <H„  *  ?><»,  -  y> 


Equations  3.3.5.  3.3.9  and  3.3. 15  can  then  be  used  to  obtain  an 
expression  for  a  as  a  function  of  Hq.  Hj  and  L  for  purposes  of  specimen 
design:  i.e.,  for  the  7.KG  specimen; 


M  H. 

=  1  -IT  (  ' 


I  ^  -  9 

(,-T  T-(Ho*TL,(Hi-y>  1 


^1* 


3.3.17 


For  the  MZKG  specimen  ; 


M  H.  .3  .  2  ,,-.2  1 

<  -f  -  V  =  <h„*j)(Hi  -»>  >-  hp-  1 


3.3.18 

Since  Bj.  the  mode-ill  bond  width,  can  vary,  a  table  of  dimen¬ 
sions  has  been  calculated  for  B^  values  between  \  and  3/4  in.,  for  spe¬ 
cimens  having  a  maximum  total  height  of  7.00  inches  and  a  gap  width,  g, 
of  1/16  inch.  Table  6a.  This  table  illustrates  the  changes  in  as  a 
function  of  are  modest,  i.e. ,  between  0.030  and  0.094  in.  (0.8  to  1.3%) 
for  a  values  between  3  and  7  in.  Typical  specimens  are  shown  in  Figs. 

6,  7  and  8  for  R^  values  of  $,  5/8  and  3/4  inch,  respectively. 

Determination  of  the  numerical  values  to  be  used  to  calculate  & 
in  oq.  2.2.  1  for  MZKG  specimens  require  an  accurate  compliance  calcula¬ 
tion,  as  was  done  for  ZKG  specimens  in  Ref.  15.  however,  CDCB  compliance 
data  can  be  used  to  estimate  the  likely  value  of  dC/da  once  the  specimen 
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h«H  liccn  contoured  according  to  «).  3.3.3.  The  value  of  M  used  for 

- 1  ° 

the  contours  shown  in  Figs.  14,  15  and  16  was  48  in.  .  This  value 

corresponds  to  a  CDCB  contour  value  of  m  =  4  in.  *.  From  calibration 

data  over  approximately  the  same  crack  length  range,  the  corrected 

value  of  m.  i.e.,  m',  was  5.45  in.  *.  Using  this  correction  for  M 

- 1  ° 

the  calculated  value  of  Mo'  would  be  65.4  in.  .  For  the  dimensions 
shown  in  the  three  MZKG  specimen  figures  (e.g. ,  B  =  0.526  in.,  E  = 

10  x  106  psi). 


3.3.20 


Eq.  3.3.20  can  be  used  to  calculate  a  value  for  ^  for  the  MZKG  speci¬ 
mens  having  the  wide  range  of  overlap  values  shown  in  Table  13. 

/  |C\ 

Fracture  toughness  data  is  shown  in  Table  6b  and  Fig.  17  for 
overlap  dimensions.  B ^ .  ranging  from  1  to  3/4  in.  This  data  was  obtained 
using  Mq'  rather  than  M(}  in  the  dC/da  expression  for  The  plot 

(Fig.  17)  shows  that  there  is  a  minor,  if  any.  effect  of  changing  values  of 
B^  on  and  the  value  of  Jb  ranges  from  82.1  to  97.5  Ibs/in.  with  the 

average  equal  to  90.1  lbs/in.  Scatter  in  values  is  less  for  larger 

overlap  values.  Fracture  toughness  tests  on  predominantly  mode- II  spe- 

( 1 7) 

cimons  has  indicated  that  the  value  of  the  mode-I  components  in  a 
mixed-mode  test  at  onset  of  rapid  fracture  is  approximately  equal  to  the 
pure  mode  I  value.  If  we  assume  that  the  amount  of  the  unknown 
mode  I  component  in  this  mixed  mode  Ill-mode  I  test  is  equal  to  4jc ,  then 
the  value  of  the  ratio  of  nK>de-I  ti  to  the  total  i  (  £—) ,  i.e. ,  is 

approximately  14%. 

Fatigue  test  data  reworked  from  reference  16  are  tabled  and  re¬ 
plotted  for  specimens  having  overlap  lengths.  Bj.  of  3/8  and  5/8  in. 
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Thus,  using  equations  3.3.21,  3.3.22  and  3.3.23  at  a  of 

5.43  lbs/in.,  the  value  of  the  r«tk>  for  the  M/KG  specimen  is 

14%.  irrespective  of  overlap  dimensions.  Although  this  value  agrees 
exactly  with  that  obtained  for  onset  of  rapid  fracture  results,  there  are 
not  sufficient  data  to  assume  that  the  ratio  has  been  determined 

exactly  for  either  case. 

It  is  concluded  that  this  very  promising  mixed  mode  specimen  re¬ 
quires  a  great  deal  of  additional  work  in  order  to  make  it  quantitatively 
useful.  At  the  least,  an  accurate  compliance  calibration  and  additional 
data  detailing  the  effect  of  overlap  on  properties  would  be  needed. 
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Table  6b 


Mode  III  MZKG  Specimen  Data  for  0.526  inch  Thick 
Laminated  Specimens  Using  AF  55S  Adhesive 


Overlap 

Width 

B3 

(inches) 

(Equilibrium 

Crack 

Extension 

Load.  P 

c 

(ibs.) 

Multiplier 

of  P2 

Term 

<10  6/ln.-lb.) 

Calculated 
Value 
of  >c 

(lbs.  /In. ) 

1/4 

2425 

16.6 

97.5 

3/8 

2725 

11.1 

82.1 

1/2 

3375 

8.29 

94.4 

5/8 

3650 

6.63 

88.3 

3/4 

4000 

5.53 

88.4 

Average  KAC>  s  90-1  Ibs/in. 


^Ic  =  12.5  Ibs/in. 


Calculated  Mode  I  Contribution  to  Mode  III  Test 


^Ic  .  12.5 

17  90 


14% 
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Table  7 


MZKG,  R  0.1,  Room  Temperature,  3  Hz,  Fatigue  Data 

(M  =  48.  M  '  *  65.4  in.1  .  B,  =  0.375.  B  =  0.518.  E  =  10?  pai) 
o  o  3 

For  Specimen  2-08 


Cycles 

da 

Max . 

Calc. 

at 

da 

d"S 

Lead 

a 

A* 

Load 

(Plot) 

lbs. 

lbs /in. 

in. 

N 

u-in /cycle 

u  -in  /cycle 

1200 

13.8 

2.00 

0 

0 

2.75 

0.75 

12288 

61 

3. 13 

1.13 

20130 

56 

53 

1000 

9.09 

3.23 

0 

0 

3.25 

0.02 

2500 

8 

3.31 

0.08 

5700 

13 

3.57 

0.34 

15975 

21 

3.76 

0.53 

19787 

27 

18 

800 

5.50 

3.86 

0 

-- 

-- 

3.94 

0.08 

28050 

2.66 

3.96 

0.10 

33824 

2.86 

3.  94 

0.08 

42872 

1.74 

2.4 

600 

2.81 

4.04 

0 

0 

-- 

4.04 

0 

231093 

0 

0 

800 

5.50 

4.14 

0 

0 

— 

4.31 

0.17 

28739 

6 

6 

700 

4.04 

4.74 

0 

0 

— - 

4.74 

0 

1185488 

0 

0 

800 

5.50 

4.74 

0 

0 

— 

5.08 

0.34 

76129 

4.4 

5.22 

0.48 

293403 

1.6 

5.54 

0.80 

858717 

0.9 

1.5 

700 

4.04 

5.80 

0 

0 

— 

5.93 

0.13 

163496 

0.75 

5.95 

0.15 

253023 

0.59 

5.99 

0.19 

425583 

0.45 

0.56 

Table  8 

MZKG.  R  =  0.1,  Room  Temperature,  3  Hs,  Fatigue  Data 
<M„  *  48.  M  '  =  65.4,  B..  =  0.655,  B  «  0.518,  E  =  10?  pal) 

O  O  o 

For  Specimen  2-09 


4>1 

Cycles 

Max. 

Calc. 

at 

da 

Load 

a 

0  a 

Load 

3T5 

lbs. 

lbs /in. 

in. 

in. 

N 

yin  /cycle 

1000 

6.70 

2.81 

0 

0 

2.86 

0.048 

1547 

31 

2.88 

0.070 

3433 

21 

3.00 

0.194 

6238 

31 

3.15 

0.343 

14808 

23 

3.18 

0.365 

24574 

15 

800 

4.31 

3.18 

0 

0 

— 

3.23 

0.045 

41886 

1.1 

3.60 

0.417 

291600 

1.4 

3.64 

0.455 

343071 

1.3 

3.83 

0.648 

372083 

1.7 

800 

4.31 

3.83 

0 

0 

3.87 

0.037 

51471 

0.72 

4.06 

0.231 

80483 

2.91 

700 

3.30 

4.06 

0 

0 

— - 

4.23 

0.171 

603157 

0.28 

4.43 

0.365 

784300 

0.46 

4.54 

0.484 

951347 

0.51 

4.49 

0.432 

1038926 

0.42 

600 

2.42 

4.47 

0 

0 

-- 

4.52 

0.052 

168235 

0.31 

4.59 

0. 119 

436830 

0.28 

4.59 

0.119 

681522 

0.17 

4.61 

0.142 

787541 

0.18 

4.66 

0.  194 

860230 

0.22 

4.59 

0.119 

2367559 

0.05 

800 

4.31 

4.37 

0 

0 

-- 

4.61 

0.238 

80422 

2.91 

4.80 

0.432 

253814 

1.64 

4.78 

0.410 

262519 

1.49 

600 

2.42 

4.83 

0 

0 

— 

4.83 

0 

657708 

— 

4.83 

0 

759233 

-- 

4.95 

0.119 

1023773 

0.45 

da 

ay? 

(plot) 
v»in  /cycle 

24 

1.4 

1.8 

0.42 

0.05 

1.5 
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Table  8.  Continued 


Max . 

A  h 

Calc. 

Load 

a 

Aa 

lbs. 

lbs /in. 

in. 

in. 

4.97 

0. 142 

4.93 

0.097 

700 

3.30 

4.98 

0 

5.15 

0. 171 

_  g 

/  2. 18  x  10  ^  «7« j  w 

4  4  =  AP  - g-g - =  6. 73  x 


Cycles 

da 

at 

da 

as 

Load 

as 

(plot) 

N 

yin /cycle 

u  in /cycle 

1210206 

0.31 

1277977 

0.19 

0.19 

0 

— 

986125 

0. 17 

0.17 
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Table  9 


MZKG  Data  from  Tables  7  and  8  Used  for 
Regression  Analysis  for  Power  Law  Expression( 


Specimen  2-09  Specimen  2-08 


A  b 

da/dN 

A.i 

da/dN 

lb/in. 

u  in /cycle 

lbs /in. 

U  in /cycle 

6.70 

2.4 

13.8 

53 

4.31 

1.4 

9.09 

18 

4.31 

1.8 

5.50 

2.4 

4.31 

1.5 

5.50 

6.0 

3.30 

0.42 

5.50 

1.5 

3.30 

0.17 

4.04 

0.56 

2.42 

0.05 

2.42 

0. 19 

B 

=  5.39 

B 

-  3.59 

A 

=  6.23  x  10'10 

A 

=  5.33  x  10-9 

S 

=  0.273 

S 

=  0.200 

Values  for  the  Power  I.nw  constants  for  all  data 
B  =  3.95 
A  =  3.42  x  10*9 
S  -  0.273 


(  t) 


dn 

dN 


A  A>B 


S  =  standard  deviation  of  v  on  x 


0.009  in 


Specimen  (B.  =  3/4  in.)  for  Mode  III  Adhesive  Testing  (M 


-Average  of 
all  points 


Mode  III  MZKG 
RT.  3  Hi  Fatipue 

M  =  48  in.'1 

°  -1 

M  '  «  65.4  in. 


lbs /in 


MZKG  Mode  III.  Room  Temperature  (RT)  Fatigue  Crack 
Growth  Curves  Rt  3  Hi  for  Two  Values  of  the  Overlap, 


4.0  Laboratory  Bond  Manufacture  and  Testing  of  Pure  and 
Mixed- Mode  Specimens 

4.1  Introduc  tjon 

The  manufacture  and  testing  of  adhesively  bonded  laboratory  spe¬ 
cimens  has  been  evolving  for  more  than  twenty  years  and  techniques  have 
changed  as  new  adhesives  and  surface  treatments  have  proved  successful 
in  service.  The  problem  of  steady  load,  slow  crack  growth  in  an  aggres¬ 
sive  environment  (SCC)  was  one  of  primary  importance  in  the  development 
of  improved  adherend  surface  treatments  and  adhesive  films.  Structural 
bonding  is  most  critical  in  the  aircraft  industry  and,  consequently,  the 
most  serious  efforts  have  been  made  in  this  industry  to  insure  the  manu¬ 
facture  of  reliable,  reproducible  bonds  that  have  long  term  stability.  Air¬ 
craft  bonding  is  generally  metal  to  metal  and.  most  often,  aluminum  alloy 
to  aluminum  alloy.  In  the  course  of  this  testing  program,  a  number  of  ma¬ 
terials  have  been  used  as  adherends.  These  include  glass,  stainless  steel, 
titanium,  alumina,  wood,  high  modulus  high  density  fibcrglas.  and  bulk 
epoxy  resin.  Some  of  the  more  common  adherend  surface  treatments  have 
been  described  (17),  however,  a  newer  treatment  for  aluminum  and  titanium 
i.e.,  the  phosphoric  acid  anodize  (PAA),  has  been  developed  since  that 
early  report.  The  older  treatments  for  aluminum  involved  building  a  thin 
strong  oxide  layer  using  an  aqueous  chromic  acid-sulfuric  acid  etching 
solution  (FPL).  Although  the  short  term  strength  of  bonds  made  using 
this  treatment  was  quite  good,  a  number  of  adhesive  failures  were  traced 
to  the  influence  of  an  aggressive  environment,  i.e.,  stress  corrosion  crack¬ 
ing  or  SCC.  Failure  was  found  to  have  occurred  in  the  oxide,  and  this 
finding  launched  the  development  of  the  new  adherend  treatment  and  the 
search  for  more  SCC  resistant  adhesive  films. 

The  manufacture  of  laboratory  adhesive  test  specimens  has  generally 
been  done  with  small  area  bonding.  Early  specimen  manufacture,  using 
the  liquid  resin  hardener  mixtures,  was  done  by  casting  the  heated  mixed 
liquid  in  place  using  shims  between  the  adherends  to  maintain  bond  thick¬ 
ness.  The  manufacture  of  laboratory  specimens  with  the  partially  cured. 
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hifch  performance,  adhesive  films  was  done  initially  using  CDCB  speci¬ 
mens  made  individually.  The  narrow  area  bonding  condition  that  results 
differs  substantially  in  the  pressure-temperature  history  from  that  used 
in  wide  area  structural  bonding.  Consequently,  this  section  reviews  the 
manufacture  and  testing  of  pure  and  mixed-mode  specimens  made  as  wide 
or  narrow  area  bonds.  It  should  be  noted  that  test  results  are  given  for 
sound  bonds  (low  void  content)  where  good  bonding  practice  ia  followed; 
e.g..  the  use  of  properly  prepared  adherends  and  a  proprietary  adhesive 
film  where  the  specified  pressure  temperature  cycle  produces  bonds  of  a 
given  thickness. 


The  testing  of  both  pure  and  mixed- mode  specimens  is  divided  into 
two  categories:  onset  of  rapid  fracture,  i.e.,  fracture  toughness  testing 
and  slow  crack  extension.  In  general,  the  latter  is  strongly  influenced 
by  temperature  and  environment  while  the  former  is  not. 

4.2  Development  of  the  Phosphoric  Acid  Anodizing  (PAA) 

Treatment  (Boeing  5555) 

The  SCC  failure  of  FPL  treated  structurally  bonded  aluminum  panels 
was  first  investigated  by  the  Boeing  Airplane  Company  in  an  attempt  to 
improve  bond  reliability.  The  test  of  proper  adhesion  was  a  highly  stressed 
SCC  exposure  for  a  specified  period,  i.e.,  the  Boeing  wedge  test.  In  this 
test,  bonded  strips  were  wedge  loaded  in  cleavage  and  then  exposed  at 
elevated  temperature  to  a  moist  environment  or  water.  The  criteria  for 
acceptance  of  n  given  bond  fabrication  was  (  1)  that  an  opening  mode  load 
approximately  equal  to  the  failure  load  be  applied  to  the  test  coupon,  (2) 
that  slow  crack  growth  over  a  100-hour  time  period  did  not  proceed  more 
than  a  specified  distance,  e.g.,  0.250  inch,  and  (3)  that  the  fracture  plane 
be  mostly  within  the  adhesive  layer  and  not  near  the  interface  region.  A 
scanning  electron  microscope  investigation  of  the  SCC  failed  bonds  of  spe¬ 
cimens  having  conventionally  treated  adherends  indicated  that  failure  oc¬ 
curred  cohesively  in  the  oxide  layer,  rather  than  adhesively  at  the  adhe¬ 
sive  adherend  interface.  This  oxide  layer  produced  by  the  FPL  etch  was 
found  to  be  hydrophillic.  This  observation  led  to  the  development  of  a 
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hydrophobic  oxide .  c.g.,  that  produced  by  the  phosphoric  acid  anodiz¬ 
ing  (PAA)  treatment  (see  Appendix  I).  The  SCC  resistant  oxide  sur- 

o  o 

face  is  obtained  by  a  conversion  of  the  80  A  FPL  oxide  to  a  4000  A  thick 
"forest"  of  vertically  orientod  fragile  oxide  rods.  Current  bonding 
practice  suggests  that  this  layer  requires  adhesive  primer  to  fill  in  the 
spaces  to  render  the  surface  useable  for  bonding. 

In  recent  tests  on  PAA  treated  adherends,  no  evidence  of  separa¬ 
tion  near  one  interface  (IF)  has  been  observed.  These  tests  have  in¬ 
cluded  elevated  temperature  (140°F)  SCC  and  fatigue  teats,  as  well  as 
combined  effects  of  fatigue  in  an  aggressive  environment.  For  example. 
SCC  tests  have  been  carried  out  for  more  than  six  months  at  140°F  with 
little  evidence  of  IF  penetration,  although  exposed  aluminum  surfaces 
have  become  quite  corroded. 

Thus,  service  simulation  requires  that  laboratory  specimens  using 
aluminum  adherends  be  prepared  with  the  PAA  treatment  for  slow  crack 
growth  studies.  This  is  particularly  important  with  mixed-mode  speci¬ 
mens  where  the  locus  of  fracture  tends  to  be  near  the  interface. 

4.3  bonding  Practice  for  Toughness  Specimens  Using 


Proprietary  Film  Adhesives 

Wide  area  bonding  using  commercial  film  adhesives  is  done  accord¬ 
ing  to  the  manufacturer's  specifications  regarding  temperature  and  pres¬ 
sure  cycle.  In  general.  PAA  treated  and  primed  adherend  panels  and 
adhesive  film  are  assembled  as  a  sandwich  and  mechanically  held  together. 
Pressure  is  applied  either  with  a  heated  platen  press  or  for  aircraft  panels 
in  an  autoclave  where  the  vacuum  bagged  assembly  is  automatically  cycled 
through  the  specified  temperature-pressure  profile.  Fracture  toughness 
specimens  that  can  be  machined  from  wide  area  bonds  include  the  cracked 
Inp  shear  (CI.S),  the  modified  zero  K  gradient  (M7.KG)  and  the  width  tapered 
beam  (WTR).  The  advantage  of  using  specimens  made  from  wide  area  bonds 
results  from  testing  the  adhesive  bond  in  the  condition  as  it  exists  in  the 
structure.  Aside  from  the  pressure  temperature  history,  bond  thickness 
is  the  most  important  property  of  the  structure.  A  common  cure  cycle  for 
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250°F  curing  adhesives  bonded  in  aluminum  consists  of  a  heating  rate  of 
2°F/min.  to  a  minimum  of  220°F  and  a  maximum  of  270°F.  Cooling  rates 
are  also  about  2°F/min.  Pressure  is  maintained  during  the  cycle  at 
25  psi.  Even  though  the  adhesive  becomes  quite  fluid  during  the  high 
temperature  part  of  the  bonding  cycle,  very  little  change  in  thickness 
occurs  in  wide  area  bonding  because  of  mechanical  entrapment.  For 
example,  typical  adhesive  film  thicknesses,  both  before  and  after  bonding, 
are  0.008  to  0.010  in.  Aircraft  structure  is  generally  made  up  of  bonds 
between  relatively  thin  gage  metal,  e.g.,  0.070  in.  and.  while  this  adher- 
end  thickness  is  suitable  for  low  load,  slow  crack  growth  studies,  its  low 
stiffness  makes  it  unsuitable  for  onset  of  rapid  fracture  determination. 
Thus,  for  complete  adhesive  characterization,  relatively  thick  panels 
(e.g.,  3/8  to  J  in.)  must  be  bonded  separately,  rather  than  removing  spe¬ 
cifically  designed  sections  of  bonded  aircraft  panels. 


An  alternative  to  the  relatively  expensive  and  difficult  wide  area, 
thick  panel  bonding  is  the  narrow  area  bonding  used  successfully  for 
liquid  adhesive  systems.  For  narrow  area  bonds,  care  is  taken  to  reduce 
the  pressure  during  cure,  so  that  for  the  recommended  temperature  cycle 
the  bond  thickness  remains  above  0.005  in.  Bond  thickness  can  also  be 
kept  constant  by  the  use  of  shims.  In  this  case,  care  must  be  taken  to 
avoid  leakage  of  the  adhesive  out  of  the  bond  cavity,  thus  creating  voids. 

All  toughness  specimens  can  be  made  in  this  way.  however,  narrow  area 
bonding  is  must  suitable  for  the  CDCB  adherends.  Specimens  such  as  the 
MZKO  and  WTB  would  actually  be  somewhat  less  convenient  to  manufacture 
as  a  narrow  area  bond.  Evaluation  of  the  differences  in  mode-J  toughness 
as  a  function  of  bond  preparation  has  shown  that  bond  thickness  is  more 
important  than  absolute  pressure  in  obtaining  high  values  of  .  Thus, 
it  is  concluded  that  suitable  toughness  specimens  can  be  prepared  using 
either  method.  Although  the  effect  on  slow  growth  has  not  been  studied, 
it  is  assumed  that  the  bulk  properties  of  the  adhesive  will  not  be  changed 
substantially  by  the  pressure  differences  during  the  cure  cycle,  as  long  as 
a  bond  thickness  above  0.005  in.  is  maintained. 
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4.4  Testing  of  Pure  and  Mixed -Mode 
Adhesive  Fracture  Specimens 

Three  load-time  profiles  are  possible  in  simulating  the  service  load¬ 
ing  that  may  result  in  crack  extension:  (1)  monotonically  increasing.  (2) 
steady,  and  (3)  alternating.  The  first  is  used  to  obtain  onset  of  rapid 
fracture,  (or  4^  for  mixed -mode  loading)  and  the  toughness  at 
arrest  ( ,4^  or  4j.^).  The  second  is  applied  to  obtain  slow  crack  growth 
data  during  exposure  to  an  aggressive  environment  (i.e.,  SCC),  and  the 
third  to  develop  fatigue  slow  growth  data  with  and  without  the  environment. 

4.4.1  Increasing  Load  Testing 

Standard  increasing  load  or  fracture  toughness  testing,  described 
in  A  STM  SHI*  3433-75  for  pure  model  CDCB  specimens,  is  similar  for  all 
pure  and  mixed  mode  specimens.  In  general,  loading  is  such  that  onset 
of  rapid  fracture  occurs  in  a  minute  or  less  and  4^  (or  4j«c)  and 
(or  4^)  are  determined  from  the  load  at  onset  and  the  load  at  arrest 
coupled  with  the  crack  length  at  onset  and  arrest.  For  "c rack -length - 
indifferent”  or  "constant  K"  specimens  only  the  two  loads  need  be  known 
to  determine  initiation  and  arrest  toughness,  as  long  as  the  crack  remains 
within  the  "constant -K"  region.  Another  advantage  of  the  "constant -K" 
specimen  for  fracture  toughness  testing  is  that,  ordinarily,  many  deter¬ 
minations  of  onset  and  arrest  toughness  can  be  made  on  a  single  specimen. 
The  response  to  loading  is  sensitive  to  loading  rate,  temperature,  adhesive 
type,  and  loading  mode .  The  brittle  behavior  seen  at  standard  crosshcad 
rates,  shown  by  unmodified  epoxy  adhesives  tested  at  room  temperature 
(RT)  or  the  tough,  modified -epoxy .  proprietary  film  adhesives  tested  at 
low  temperature  is  much  the  same.  The  load -displacement  (P-A)  record 
is  elastic  up  to  onset  of  rapid  fracture  at  maximum  load,  followed  by  arrest 
at  a  lower  load  ("peaked”  P-A  curve).  Standard  rate  testing  of  the  tough 
adhesives  at  RT  often  shows  an  elastic  P-A  record  to  maximum  load  where 
crack  extension  occurs  at  constant  load  at  a  rate  dictated  by  the  crosshead 
("flat"  P-A  curve).  High  rate  testing  has  shown  that  the  arrest  toughness 
is  the  lowest  value  of  crack  extension  force  for  material  showing  peaked 
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behavior.  Flat  behavior  is  more  complex  since  some  materials  show  a 
transition  from  flat  to  peaked  behavior  with  a  lowered  arrest  toughness 
at  high  rates.  Thus,  the  evaluation  of  tough  adhesives  should  include 
some  high  rate  testing  to  determine  the  amount  of  toughness  Iobs. 

The  measured  toughness  of  many  of  the  adhesives  is  related  to 
fracture  appearance,  therefore,  a  description  of  the  fracture  surface  is 
appropriate  to  any  toughness  survey.  For  example,  peaked  P- A  curves 
are  generally  associated  with  flat,  shiny,  featureless  fractures;  while  flat 
P-A  curves  are  associated  with  fracture  surfaces  that  show  evidence  of 
plastic  flow  during  crack  growth.  Of  particular  interest  is  the  fracture 
surface  resulting  from  high  shear  mixed-mode  (/^j  plus  ^j)  loading.  For 
this  case,  both  brittle  and  tough  adhesives  show  multiple  origin  fracturing 
that  results  in  a  rough  fracture  surface  with  a  dense  pattern  of  inclined 
’■flakes".  Increasing  load  fracturing  of  high- shear,  mode-ill  M7.KG  speci¬ 
mens  does  not  show  those  obtained  from  mode -II  specimens.  For  the  one 
tough  adhesive  examined  with  the  MZKG  test  specimen,  fracturing  occurred 
near  the  interfaces  (IF)  at  the  boundaries  and  partly  cohesive  or  center  of 
bond  (COB)  away  from  the  boundaries.  These  differences  in  shear  frac¬ 
ture  morphology  remain  to  be  resolved. 

4.4 .2  Stress  Corrosion  Crack ing  (SCC)  Testing 

The  measurement  of  steady  load,  environmentally  assisted  slow  crack 
growth  (SCC)  depends  greatly  on  specimen  design.  For  example.  SCC  ex¬ 
posed  specimens  where  crack  extension  force  due  to  compliance  change 
increases  with  crack  length  (e.g.,  dC/da  increasing)  will  show  increased 
crack  growth  rates  with  increased  crack  lengths.  Constant-K  specimens 
do  not  show  increasing  crack  extension  force  as  the  crack  grows  and, 
thus,  are  easier  to  use  for  both  SCC  and  fatigue  testing.  The  SCC  char¬ 
acterization  of  adhesive  bonds  and  monolithic  materials  is  quite  similar  in 
experimental  practice.  The  parameters  are  (1)  the  threshold  value  of 
applied  crack  extension  force  at  which  a  stationary  crack  begins  to  extend 
(  ^ I  sec  or  *Tscc^  SCC  rate-extension  force  behavior  vs.  A). 


For  many  monolithic  materials,  e.g.,  metals,  the  -i^-vs.  A  relationship 
shows  a  rate  plateau.  In  this  plateau  region  crack  growth  rate  is  in¬ 
dependent  of  applied  crack  extension  force  for  forces  ranging  from  just 
above  the  threshold  to  more  than  half  the  /^c  value.  This  rate  inde¬ 
pendence  is  thought  to  be  due  to  a  transport  or  diffusion  limited  process. 
The  SCC  exposure  in  140°F  water  of  mode-I.  PAA  treated,  adherend, 
film  ahdesive  specimens  shows  the  rate  plateau  with  a  relatively  high 
threshold  (  0. 1  -  0.2).  However,  earlier  work  with  FPL 

etched  adheronds  and  the  same  adhesive  showed  a  lower  threshold  and  a 
steep  /j  A  curve,  i.e.,  a  small  increase  in  force  gave  a  large  increase  in 
crack  length.  The  two  distinct  behaviors  result  from  a  difference  in  the 
location  of  fracture.  For  PAA  treated  adherends  the  fracture  is  cohesive 
in  the  center  of  the  bond  (CO H),  while  for  FPL  etched  adherends  crack 
growth  occurs  near  an  interface  (IF).  These  results  confirm  those 
originally  found  with  the  Roeing  wedge  test  used  to  develop  the  PAA 
treatment.  The  plateau  behavior  is  also  observed  for  PAA  treated  mixed 
mode  CLS  specimens. 

The  constant  load  SCC  testing  of  mode-1  CDCB  specimens  requires 
only  that  changes  in  displacement  be  monitored  with  time.  For  this  case, 
dC/da  is  constant  and  equal  to  ftm’/ER.  Thus,  at  constant  load,  the  crack 
growth  rate  can  be  obtained  directly  from  the  rate  of  change  of  displace¬ 
ment  of  the  load  (A)  with  time: 


4.1 


Displacement  rate.  A,  is  monitored  continuously  for  several  specimens  with 
a  multipoint  recorder,  and  crack  growth  rates  are  determined  over  1  inch 
of  crack  length  change  or  more.  These  tests  at  a  single  load  can  take  over 
a  month  or  more,  especially  if  the  /.  values  are  near  the  threshold.  In 
addition,  constant  applied  crack  extension  force  seldom  gives  constant  A 
and  variations  of  a  factor  of  two  or  more  are  not  uncommon.  Thus,  the 
constant  K  specimen  is  also  quite  useful  in  determining  the  range  of  varia¬ 
tion  in  threshold  and  crack  growth  rate  at  a  given  ^  above  the 

threshold . 


The  SCC  testing  of  mode-I  width  tapered  beam  (WTB)  specimens 
ia  somewhat  more  difficult,  because  dC/da  is  not  constant,  even  though 
the  WTB  is  a  constant -K  specimen  (see  Section  3).  In  this  case,  the 
testing  practice  is  much  the  same,  however,  the  conversion  of  displace¬ 
ment  data  to  crack  length  requires  a  knowledge  of  the  initial  compliance 
and  absolute  displacement  at  the  SCC  load  in  order  to  obtain  the  initial 
crack  length.  aQ.  and  crack  growth  rate.  A.  This  is  in  contrast  to  the 
CDCB  specimen  where  only  the  change  in  displacement  with  time,  A.  need 


be  known  in  order  to  determine  a.  The  absolute  displacement  data  is  ob¬ 
tained  at  the  beginning  of  the  test  and  interim  compliance  data  is  periodically 
checked,  using  both  the  change  in  displacement  with  time  at  fixed  load  and 
by  a  periodic  instrumented  loading  and  unloading  sequence.  This  procedure 
also  corrects  for  the  changes  ki  displacement  not  connected  with  crack  growth. 
These  displacement  changes  not  related  to  crack  growth  are  thought  to  be 
a  plastic  or  viscoelastic  flow  ahead  of  the  crack  tip.  For  mode- 1  SCC  tests, 
this  flow  is  highest  immediately  after  the  application  of  the  fixed  load  and 
it  decreases  to  near  zero  after  about  a  day.  The  errors  in  A  caused  by  flow 
are  most  obvious  at  loads  near  the  threshold.  ^  ,  where  the  magnitude  of 

flow  relative  to  crack  extension  is  largest. 


The  SCC  testing  of  the  mixed  mode  cracked  lap  shear  (CLS)  speci¬ 
men  is  xfmilar  to  that  described  above  for  the  mode-I  WTB  specimen.  The 
additional  compliance  data  is  especially  necessary  here  because,  although  the 
CI.S  specimen  is  independent  of  crack  length  as  it  is  for  all  mixed-mode 
specimens  in  Section  3.  the  flow  problem  is  more  severe.  Loading  for  the 
CT.S  specimen  is  such  that  both  adherends  and  much  more  of  the  bond  length 
is  loaded  than  for  mode -I  specimens.  For  example.  CLS  displacement  change 
data  taken  at  constant  load  over  a  nine  month  period  under  conditions  that 
were  expected  to  cause  SCC  slow  crack  growth  showed  apparent  crack  length 
increases  of  4  to  5  inches.  However,  verification  compliance  checks,  taken 
periodically  during  the  test  duration,  showed  that  crack  length  had  remained 
unchaneed . 


Two  observations  were  made  on  the  basis  of  SCC  testing  of  CLS 
specimens:  (1)  the  substantial  flow  that  occurs  during  steady  mixed-mode 
loading  makes  the  sole  use  of  displacement  change  with  time,  A  ,  to  calcu¬ 
late  &  impractical,  and  (2)  the  threshold  crack  extension  force  for  mixed¬ 
mode  loading,  .  is  substantially  above  the  calculated  value,  based 

on  the  assumption  that  crack  growth  begins  when  the  mode-I  component  is 

above  the  pure- mode  1  .  Both  of  these  effects  may  be  the  result  of 

I  see 

the  flow,  evidenced  by  values  of  k  not  associated  with  crack  growth. 

The  modified- lero-K- gradient  (M7.KG)  specimen  differs  from  the  CLS 
specimen  in  that  loading  is  all  applied  at  the  leading  edge  of  the  crack,  and 
the  remainder  of  the  adherend  area  away  from  the  influence  of  the  singular¬ 
ity  is  free  of  loading.  In  addition,  dC/da  is  a  constant  for  the  M7.KG  spe¬ 
cimen  as  it  is  for  the  CDCR  specimen  and.  thus,  compliance  and  crack  length 
calculations  from  load  and  displacement  requirements  are  much  less  involved 
than  for  the  CLS  specimen.  This  specimen  has  not  been  fully  evaluated 
for  SCC  testing  because  of  the  lack  of  an  analysis  that  is  suitable  to  separ¬ 
ate  and  components  from  the  total  /,  Recall  that  the  MZKG 

loading  Is  all  edgewise  sliding  mode-111  and  the  amount  of  parasitic  mode-I 
cleavage  that  occurs  at  the  free  edges,  deduced  experimentally  as  approxi¬ 
mately  14  percent  of  ^ .  has  not  been  determined  by  any  analysis. 

4.4.3  Fatigue  Testing 

The  parameters  that  affect  slow  crack  growth  exposed  to  alternating 
load  are  (1)  loading  frequency  (2)  loading  cycle  shape  and  pattern  (spec¬ 
trum)  (3)  range  ratio,  R  H)  loading  mode  (pure  or  mixed¬ 

mode)  (5)  temperature  and  (6)  environment  (e.g.,  water).  Fatigue  test- 
ing  in  this  program  has  not  dealt  with  spectrum  loading,  however,  some  data 
have  been  obtained  for  the  other  parameters  in  an  attempt  to  describe  the 
areas  of  importance.  For  all  of  the  adhesives  and  loading  modes,  room 
temperature  (RT),  environment  free,  fatigue  tests  showed  decreased  crack 
growth  rates  per  cycle,  da /dN  .  as  loading  frequency  was  increased  above 
3  If z  or  R  ratio  was  raised  from  0.1  to  0.6.  Thus,  standard  baseline  fatigue 
data  have  been  collected  at  an  R  of  0.1  and  a  frequency  of  no  more  than 
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Fatigue  crack  growth  in  the  presence  of  an  environment  (e.g., 
water)  depends  on  the  adherend  treatment,  the  adhesive  system,  the 
loading  cycle  and  the  test  temperature.  For  PAA  treated  aluminum  ad- 
herends,  failure  of  commercial  film  adhesives  exposed  to  140°F  water  oc¬ 
curs  cohesively  (COB),  rather  than  near  the  interface  (IF).  If  the 
adhesive  itself  is  sensitive  to  hot  water,  decreased  cyclic  rate  and  in¬ 
creased  R  ratio  will  result  in  increased  da/dN  at  a  given  b/&. 

Standard  fatigue  cycling  is  done  at  an  R  ratio  of  0.1  and  a  sinusoidal 
frequency  of  3  Hz  using  a  closed  loop,  servo-hydraulic  test  machine  in 
load  control.  Using  constant-K  specimens,  constant  load  gives  constant 
£  and  a  given  minimum  increment  of  crack  growth  is  selected  for  deter¬ 
mination  of  da/dN  (e.g.  0.1  to  0.25  in.).  For  increasing-K  specimens, 
such  as  the  uniform  beam  (UDCB)  or  compact  specimen  (CS),  crack  growth 
is  determined  at  constant  load  until  the  value  of  da/dN  is  above  0.01  in./ 
cycle.  Should  sufficient  crack  length  remain  at  this  point,  the  load  is 
dropped  and  a  new  test  started.  The  da/dN  data  are  then  obtained  using 
the  ASTM  seven  point  incremental  method  developed  for  CS  fatigue  testing. 
Crack  length  is  measured  either  visually  or  using  compliance.  Fatigue 
growth  in  monolithic  metal  fatigue  tests  can  be  followed  equally  well  using 
either  technique  and  often  both  are  used:  compliance  for  measurement  of 
instantaneous  crack  length  and  visual  to  discover  grossly  uneven  growth 
that  can  cause  scatter  in  the  rate  data. 

Crack  growth  in  adhesive  specimens  is  more  difficult  to  follow  visual¬ 
ly  than  in  metals:  the  crack  extension  forces  are  lower,  and  the  crack 
is  not  opened  as  far  during  cycling.  One  of  the  techniques  used  for  fol¬ 
lowing  fatigue  cracks  in  metals,  which  has  been  successfully  used  for  ad¬ 
hesives.  Involves  slow  cycling  (e.g..  1/3  to  1  H«.)  after  spraying  a  volatile 
inert  solvent  e.g.,  1.  1.  1.  trichloroethane)  at  the  crack  tip.  The  pump¬ 
ing  action  of  the  closing  crack  reveals  the  crack  tip  ss  a  renewed,  fast 
drying  wet  spot  on  each  cycle.  This  pulsing  wet  spot  can  be  easily  seen 
with  a  SX  loupe  or  a  toolmaker's  microscope  (Gaertner  Scientific)  often 
used  for  visual  crack  length  measurement.  This  visual  measurement 
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technique  is  satisfactory  for  pure  mode-I  testing,  but  is  substantially 
more  difficult  for  mixed-mode  fatigue  growth.  It  is  possible  to  follow  crack 
growth  visually  in  a  side  grooved  CLS  specimen,  but  virtually  impossible 
in  the  MZKG  specimen,  where  the  bond  line  cannot  be  seen  from  the  side. 
Thus,  compliance  calculated  crack  lengths  have  been  used  almost  exclu¬ 
sively  for  mixed- mode  fatigue  testing. 

The  displacement  measurement  used  in  the  compliance  calculation  is 
obtained  in  several  ways  depending  on  the  specimen  being  tested.  Pure 
mode-I  specimens  have  an  LVDT  or  eddy  current  displacement  gages 
mounted  on  the  loading  clevises  such  that  the  displacement  of  the  load  is 
measured.  This  arrangement  is  satisfactory  even  though  loading  pin  bend¬ 
ing  is  not  eliminated,  because  of  tho  relatively  large  fatigue  displacements 
observed  for  standard  WTB  or  CDCB  specimens  (e.g.,  0.05  to  0.25  in.) 
in  the  "constant-K"  range  of  crack  lengths.  Displacement  measurements 
for  the  mode-III,  MZKG  specimen  are  made  using  similar  clevis  mounted 
gages,  however,  the  total  displacement  is  somewhat  lower  and  requires  a 
greater  transducer  gage  sensitivity.  Crack  growth  of  the  CLS  specimen 
is  calculated  from  the  mode-I  displacement  using  the  specimen  mounted 
non -contacting  eddy  current  gage. 

Compliance  data  for  any  specimen  type  can  be  obtained  during  the 
test  in  several  ways  depending  on  the  available  instrumentation.  One  sat¬ 
isfactory  method  uses  a  load  vs.  displacement,  X-Y,  pen  recorder  (fre¬ 
quency  response  -  1  Hx)  and  an  X-Y,  X-time  oscilloscope,  which  measures 
load  versus  displacement  and  load  vs.  time  simultaneously  (frequency 
response  -  10  K  Hx).  A  precracked  specimen  is  initially  loaded  slowly 
(e.g.  n  0.3  Hx)  for  a  single  cycle  to  obtain  a  load  -  displacement ,  X-Y 
compliance  record  on  the  pen  recorder.  A  maximum  load  is  selected  (R 
ratio  is  0.1)  and  fatigue  cycling  begun  at  3  Hx  at  test  machine  settings 
slightly  below  this  load.  The  proper  amplitude  and  maximum  load  are 
then  set  using  the  oscilloscope  load  traces.  Total  displacement  made  as 
an  alternate  or  second  trace  on  the  scope  is  used  to  indicate  crack  length 
change  during  cycling.  The  intial  value  of  total  displacement  is  used  as 
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a  reference  and  a  Riven  increase  in  displacement,  for  a  Riven  load  ranRe, 
corresponds  to  a  Riven  crack  lenRth  chanRe.  Verification  of  exact  crack 
lenRth  increase  is  done  by  compliance,  takinR  periodic,  slow  rate,  X-Y 
pen  recorder  traces  and  visually  observinR  the  crack,  if  possible. 

Data  reduction  consists  of  determininR  crack  lenRth  (compliance 
and/or  visual)  versus  number  of  cycles  at  the  loads  applied  in  the  test 
and  convertinR  the  load-crack  lenRth-cycles  data  to  L.&  versus  da/dN 
using  the  analysis  for  the  specimen.  Data  collection  includes  repetition 
of  Riven  da/dh’  -  areas  to  determine  reproducibility  and  confidence 
limits  on  the  threshold  and  power  law  expression  constants  fitted  routinely 
to  the  experimental  points. 

FatiRue  data  collection  and  reduction  have  been  made  somewhat  more 
efficient  usinR  more  automated  test  machines,  instrumentation  and  data 
reduction  equipment.  Recent  improvements  in  servo- hydraulic  test 
machine  instrumentation  permit  a  Riven  load  ranRe  to  be  maintained  over 
a  wide  frequency  limit.  A  digital  peak  noadkiR  meter  has  increased  accur¬ 
acy  in  measurement  of  load  and  displacement  durinR  hiRh  speed  cyclinR 
and  has  eliminated  the  need  for  an  oscilloscope.  The  most  advanced  test 
machines  use  computer  proRram  driven,  closed  loop  electronics  and  can  be 
proRrammed  for  a  complete  cycle  of  data  collection.  The  automated  test 
machine  has  the  capability  to  permit  fatiRue  data  to  be  completely  reduced 
to  a  set  of  tabled  values,  which  include  raw  and  processed  information, 
as  well  as  the  statistical  values,  without  involvement  of  the  engineer  or 
test  machine  operator.  A  semi-automnted  test  machine  has  been  used 
successfully  in  this  test  program  for  both  pure  mode- 1  and  mixed- mode 
fatigue  testing.  It  is  most  useful  for  long  time  tests  near  where 

crack  growth  is  zero  or  very  small. 

5.0  Application  of  Linear  Elastic  Fracture  Mechanics 
to  Adhesive  Bondline  Fracture  Analysis 

5 .  J _ I  ntroduction 

The  application  of  fracture  mechanics  to  monolithic  materials,  begun 
in  earnest  in  the  third  and  fourth  decade  of  this  century,  has  gone  through 
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Mcvcrnl  evolutionary  changes.  beginning  with  lincor  elastic  fracture 
mechanics  (LEFM),  which  was  concerned  with  the  stress  analysis  of  a 
cracked  structure,  the  technology  advanced  from  a  condition  where  only 
relatively  brittle  materials  could  be  toughness  evaluated  to  one  where  a 
wide  range  of  commercial  materials  used  in  structures  can  be  included. 

This  evolutionary  process  has  not  been  free  of  controversy.  Those 
materials  that  did  show  substantial  yielding  prior  to  crack  extension  had 
to  be  analyzed  for  plane  strain  conditions  rather  carefully  prior  to  vali¬ 
dating  or  invalidating  the  measured  toughness.  Kjc.  Because  of  the 
controversy  and  because  of  the  importance  of  the  toughness  value  in 
commerce,  those  concerned  with  establishing  standards  worked  through 
the  A  STM  and  specifically  through  the  ASTM  E-24  Committee.  The  work 
of  this  committee  resulted  in  specimen  and  size  requirements  for  toughness 
testing  for  tougher  and  tougher  materials.  At  each  stage  arguments  have 
been  heard  that  would  reject  LEFM  out  of  hand  because  of  the  non-applica¬ 
bility  of  the  mathematical  model  in  the  vicinity  of  the  crack  tip  during  sub¬ 
stantial  plastic  flow.  Two  approaches  have  been  used  to  counter  these 
arguments.  The  first  suggests  that  fracture  mechanics  is  an  engineering 
discipline  and  that  if  the  specimen  models  the  way  in  which  cracks  will  grow 
in  the  structure,  then  it  is  a  useful  methodology.  This  first  approach  has 
proved  very  successful  in  both  post-mortem  examination  of  failed  structures 
and  in  design  criteria  for  new  ones. 


More  recently,  the  total-energy-lost  concept  of  the  strain  energy 
relense  rate  or  crack  extension  force,  which  developed  concurrently  with 
the  K  concept,  was  updated  so  that  tougher  materials  could  be  evaluated. 
This  concept,  the  J  integral,  has  been  substantially  investigated  and  has 
shown  to  be  satisfactory  from  an  engineering  point  of  view  in  describing 
plane  strain  behavior  on  substandard  specimens  that  show  substantial 
yielding.  The  use  of  this  concept  is  not  ns  unsettling  as  that  of  LEFM 
because  no  assumptions  concerning  the  shape  of  the  stress  field  at  the 
tip  of  the  crack  are  made. 
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The  investigation  of  adhesive  bonding  from  a  fracture  mechanics 
point  of  view  was  begun  in  the  eariy  1960's  and  has  continued  to  the 
present  with  most  of  the  work  being  done  at  this  laboratory.  The  energy 
approach  was  used  here  since  suitable  stress  analyses  of  cracks  in  adhe¬ 
sive  bonds  had  not  been  written.  The  recent  success  of  computer  as¬ 
sisted  stress  analyses  for  monolithic  materials  has  led  to  its  use  for  ad¬ 
hesive  bonding. 

5.2  Computer  A ssisted  St ress  Analysis  of  Cracks  in 
Adhesively  Bonded  Structures 

One  of  the  most  advanced  stress  analysis  techniques  involves  a 
very  special  kind  of  finite  element  analysis  that  uses  a  number  of  super¬ 
elements  to  describe  the  stress  situation  approaching  the  crack  tip. 

This  stress  analysis  technique,  used  by  Kang,  et  al.  (8)  at  MIT,  appar¬ 
ently  does  not  agree  with  the  trtrrgy  analysis  used  at  MRL.  For  example, 
n  quote  from  the  MIT  work  states  "Any  yielding  of  the  material  in  a  zone 
at  the  crack  tip  must  be  sufficiently  localized,  compared  to  the  characteristic 
dimensions,  that  the  yield  zone  is  embedded  in  an  elastic  unyielded  continuum 
of  the  bulk  material."  "Furthermore,  the  classical  elastic  singular  stress 
distribution  associated  with  the  sharp  crack  prior  to  yielding  must  still  ob¬ 
tain  in  the  elastic  domain  surrounding  the  yield  zone."  "Only  under  these 
conditions  will  the  singular  stress  field  described  by  the  stress  intensity 
factor.  Kj,  (and  the  associated  strain  energy  release  rate.  control 

the  fracture  process  at  the  crack  tip  and  be  useful  as  a  criterion  of  brittle 
fracture." 

In  response  to  the  MIT  Report  which  was  presented  to  ASTM  Com¬ 
mittee  D  14  (adhesives),  our  laboratory  and  several  others  presented  the 
current  fracture  mechanics  thinking  on  analysis  of  fracturing  adhesive 
bonds  to  ASTM  Committee  D-14  which  are  part  of  the  official  record  of 
that  committee. 

The  successful  extention  of  MRL  laboratory  data  to  cracked  adhe¬ 
sively  bonded  structures  (9)  suggests  that  the  analysis  used  in  Ref.  (8), 
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although  sophisticated .  ia  not  adequate  to  deacrlbe  adhesive  bond  failure 
by  crack  growth. 
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The  general  concluaiona  reached  by  all  those  responding  to  Ref.  8 
was  that  the  computer  data  contained  in  the  report  are  the  result  of  an 
analysis  that  does  not  have  the  degree  of  sophistication  required  to  deal 
adequately  with  the  problem  of  adhesive  bonding. 

It  is  to  be  hoped  that  further  refinements  of  the  computer  program 
will  produce  analytical  results  more  in  keeping  with  that  observed  experi¬ 
mentally.  Such  a  computer  analysis  would  aid  in  the  examination  of 
bonded  structure  using  fracture  mechanics  methodology  and  the  criteria 
developed  from  laboratory  tests  to  predict  bond  performance  and  areas 
of  concern. 

It  should  be  noted  that  the  compliance  data  obtained  from  the  analysis 
was  used  in  Section  2  and  Fig.  3  to  show  that  all  of  the  analyses  gave  re¬ 
sults  similar  to  the  simple  shear  corrected  beam  formula  when  C  the  param- 
eterised  crack  length  (C  s  a/H)  was  above  3. 

5.3  The  Comparison  Between  the  Total  Energy  Concept 
and  the  Numerical  Stress  Analysis  Approach 

When  the  program  to  determine  the  fracture  resistance  of  adhesive 
bonds  was  begun  (in  1961)  the  problem  of  obtaining  an  analytical  stress 
analysis  in  the  process  zone  of  the  adhesive  bond,  i.e.,  the  plastic  or 
damaged  area  ahead  of  the  crack  tip,  was  considered  too  complex  due  to  the 
nature  of  adhesive  fracturing.  Thus,  the  total  energy  concept  of  ^  was 
used  to  enable  calculation  of  the  loads  at  onset  of  rapid  fracture  for  any 
cracked  adhesive  structure,  /r^.  The  thrust  of  this  work  was  to  enable 
calculation  of  the  failure  load  for  a  given  crack  position  in  a  specimen  or 
structure  without  presumption  as  to  the  adhesive  failure  process. 

Those  familiar  with  the  energy  approach  realize  that  if  the  plastic 
strains  are  surrounded,  as  has  been  assumed,  by  an  elastic  strain  field, 
then  after  a  small  increment,  da.  of  crack  extension  the  recovery  of  the 
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etnsttc  elonp«tion .  e.  is  complete  when  the  plate  is  unloaded.  By  using 
adherends  that  are  very  large  compared  to  the  scale  of  the  adhesive,  this 
criterion  has  been  met  and  the  value  of  ^  has  been  measured  for  a  variety  of 
adhesive  materials,  adherend  materials,  cracking  rates,  bond  thicknesses 
and  temperatures. 

The  compliance  techniques  for  defining  ^  in  an  adhesive  bond  as 
a  function  of  adherend  material  and  crack  length  may  be  directly  related 
to  a  Kj  that  is  obtained  in  a  monolithic  material  ignoring  the  contribution 
of  the  adhesive  layer.  The  value  of  >j  thus  obtained  will  not  be  related 
to  that  value  of  the  Kj  that  results  from  finite  element  linear  elastic  cal¬ 
culations. 

Essentially,  the  two  techniques  are  concerned  with  different  prob¬ 
lems.  The  energy  approach  states  that  the  details  of  the  stress  distri¬ 
bution  in  the  adhesive  bond  are  not  going  to  be  examined  on  a  fine  acale. 

Thus,  the  cluiracterization  of  crack  extension  in  bonds  will  be  done  much 
the  same  way.  wherever  the  locus  of  failure,  o.g.  ,  center  of  bond  or  near 
an  interface.  This  means  that  the  numbers  obtained  must  be  coupled 
with  information  concerning  manufacturing  (e.g.,  bond  thickness)  ser¬ 
vice  (e.g.,  loading  rate)  and  fracture  morphology.  This  approach  is 
analogous  to  the  J-integra!  measurements  made  on  ductile  metal  systems. 

The  energy  losses  are  measured  relative  to  the  loading  holes,  however, 
a  J  integral  calculation  could  be  made  that  should  be  identical  to  &  as 
long  ns  the  path  of  the  integral  is  in  the  elastic  surroundings  of  the  pro¬ 
cess  zone  of  the  crack.  In  this  approach  the  path  over  which  the  integral  is 
taken  is  in  the  metallic  adherends  except  for  a  small  region  of  the  adhesive 
bond  remote  from  the  Influence  of  the  crack.  The  value  of  the  integral  in 
this  small  region  would  have  to  be  modified  using  the  elastic  properties  of 
the  adhesive,  however,  considering  the  linearity  of  the  compliance  data, 

(e.g. .  Fig.  3)  the  contribution  of  this  part  to  the  total  value  of  the  inte¬ 
gral  is  expected  to  be  insignificant.  The  numerical  analysis  approach 
directs  itself  to  the  process  zone  itself  in  an  attempt  to  understand  the 

fracturing  process.  Differences  between  &  measurements  and  finite 
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element  calculations  occur  because  of  the  complexity  of  the  strain  field 
in  the  process  zone.  The  properties  used  in  the  finite  element  calculations 
are  linear  elastic,  although  there  is  a  great  awareness  of  the  large  plasti¬ 
city,  crazing  and  damage  that  is  ahead  of  the  visible  crack  front.  In 
energy  calculations  for  both  metals  and  adhesives,  this  problem  is  side¬ 
stepped  by  the  use  of  an  effective  crack  length.  In  the  finite  element 
calculation,  no  such  attempt  has  been  made. 

As  a  result  of  the  differences  in  point  of  view,  there  are  large 
discrepancies  in  the  conclusions  which  are  not  discrepancies  from  a  con¬ 
tinuum  mechanics  point  of  view.  The  problem  of  determining  the  shape 
of  the  stress  fields  near  the  crack  tip  using  finite  element  techniques  is 
not  unique  to  adhesive  systems.  For  example,  some  of  the  FEM  discrep¬ 
ancies  may  be  related  to  the  choice  of  super- elements  that  have  the  built- 
in  inverse-square-root  function.  In  monolithic  materials  we  have  not  yet 
been  able  to  closely  approach  the  crack  tip.  What  is  done  is  to  determine 
the  relationship  as  a  function  of  position  and  attempt  to  fit  the  curve  ahead 
of  the  crack  tip.  The  difficulty  that  must  be  friherent  in  the  analytical  ap¬ 
proach  can  be  seen  by  a  review  of  data  collected  by  our  laboratory.  If  a 
given  adhesive  is  compared  as  bonded,  first  to  aluminum  adherends  and  then 

to  steel  adherends,  we  find  that  the  measured  value  of  3.  is  the  same  (all 

1c 

other  bonding  parameters  such  as  thickness  being  equal).  When  we  attempt 
to  deduce  *  K(c  by  using  the  simple  expression  K  =  »/JlF,  we  find  that  the 
K  value  for  the  steel  adherends  is  1.73  times  higher  than  the  case  for  the 
aluminum  adherends.  This  shows  that  the  load  carrying  capacity  of  a 
bonded  structure  depends  on  the  adherend  modulus,  not  the  sdhesive 
modulus.  Thus,  while  A^c  remains  constant  the  K  calculated  by  this  FEM 
analysis  varies.  This  fact  becomes  the  basis  for  presuming  that  the  energy 
approach  is  in  error. 

Such  a  presumption  is  implied  in  the  statement  of  Ref.  8  that  "invalid 
Kc  or  measurements  are  not  useful  in  predicting  failure  for  other 
geometries  or  loading  conditions."  This  implies  thst  "validity"  only  ob- 
toins  when  a  specific  FEM  mathematical  model  of  linear  elasticity  predicts 
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the  stresses  at  distances  from  the  crack  tip.  r.  approaching  the  bond 
thickness. 

The  term  valid,  extensively  used  with  test  procedures,  implies  con¬ 
formity  to  a  referenced  standard.  Thus,  "validity"  as  used  above,  is 
without  meaning,  i.e.,  it  is  not  relevant  in  mechanical  testing  unless  com¬ 
parison  is  made  to  a  referenced  standard.  As  yet,  there  is  no  referenced 
standard  which  allows  us  to  say  under  what  conditions  LEFM  applies  in 
mechanical  testing.  One  could  use  the  very  strict  interpretation  of  LEFM. 
as  has  been  proposed  in  Ref.  8,  to  show  that  the  application  to  any  real 
structure  is  invalid.  Nevertheless,  the  fracture  mechanics  community 
accepts  the  term  "engineering  usefulness"  where  consensus  agreement  on 
the  value  of  LEFM  has  been  achieved  for  monolithic  materials.  This  point 
seems  to  be  conceded  in  Ref.  8  in  their  discussion  of  monolithic  materials. 
For  engineering  purposes,  one  need  not  follow  crack  extension  on  a  fine 
scale,  since  we  are  concerned  only  with  the  loading  point  at  which  a  sta¬ 
tionary  or  slow  moving  crack  begins  to  extend  rapidly.  The  engineering 
usefulness  of  this  method  of  measurement  is  determined  by  how  well  the 
fracture  load  in  a  structure  can  be  predicted  from  a  laboratory  test  on  a 
much  different  geometry.  In  terms  of  this  definition,  measurements  of 
for  adhesive  bonds  fulfill  the  requirements  of  engineering  usefulness 
and  it  is  our  belief  that  continued  use  of  the  technique  will  lead  to  an  im¬ 
proved  adhesive  bonding  technology . 

Perhaps  the  major  problem  with  the  computational  approach  pre¬ 
sented  here  is  that  it  is  not  cfcdicntod  to  the  problems  connected  with  the 
design  of  bonded  structures,  i.e.,  it  has  little  engineering  usefulness. 

The  results  of  the  computation  based  on  the  simplified  model  do  not  agree 
with  experimental  results  and  will  have  to  be  modified  considerably  to 
model  the  process  zone  in  order  to  enable  calculation  of  fracture  loads. 

Of  course,  it  is  possible  to  use  the  strain-energy-release-rate  con¬ 
cept  to  predict  the  load  carrying  capacity  of  a  structure.  This  can  be 
done  in  several  ways.  First,  using  computational  methods,  either  a  J 
integral  or  the  compliance  vs.  crock  length  characteristics  can  be  calculated 
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for  bonded  structure  so  that  for  a  given  loading  and  crack  position 
the  applied  A^  (or  J { )  can  be  calculated.  The  aecond  method  uses  an 
experimental  technique  developed  for  fatigue  of  complex  monolithic  struc¬ 
ture. 


Two  specific  areas  of  difference  between  the  numerical  approach 
(FEM)  and  the  energy  method  (LEFM)  involve  the  area  of  compliance 
calibration  and  validity  of  Ajc  teat  results. 

In  the  LEFM  method,  beam  theory  is  used  only  to  define  a  specimen 
shape.  The  determination  of  4^  using  this  specimen  is  based  on  an  ex¬ 
tremely  accurate  compliance  calibration  which  must  provide  the  base  against 
which  any  computation,  beam  theory  or  FEM,  must  be  checked.  The  shape 
of  the  specimen  does  not  matter,  as  long  as  a  compliance  calibration  is  made 
prior  to  obtaining  experimental  data.  The  value  of  beam  theory  is  that  it 
can  be  used  to  design  a  constant -compliance-change  specimen  over  a  wide 
range  of  crack  lengths. 

The  FEM  can  be  used  to  determine  a  compliance  curve,  however, 
for  values  of  C  above  3,  it  is  not  significantly  different  from  that  found 
from  a  corrected  beam  formula  prior  to  compliance  calibration.  Of  course, 
the  calibration  value  is  the  one  used  in  testing,  irrespective  of  any  analysis. 

Of  particular  concern  in  the  FEM  report  is  the  question  of  the  validity 
of  A^  as  determined  from  the  LEFM  approach.  The  meaning  of  "validity" 
here  also  appears  to  be  used  in  the  mathematical  sense,  described  earlier 
in  this  section  and  does  not  pertain  to  the  engineering  basis  used  to  define 
experimentally. 

The  FEM  paper  examines  the  plastic  work  of  fracture  which  may  occur 
In  a  volume  that  is  ahead  of  the  crack  tip  by  as  much  as  ten  bond  thick¬ 
nesses  and  concludes  that  the  LEFM  determined  experimentally  does 
not  apply. 


The  energy  method  does  not  deal  with  specimen  micro- dimensions 
and  the  A.  value  can  be  valid  in  an  engineering  sense  even  when  the 


dimensions  of  plsstic  flow  in  the  adhesive  ahead  of  the  crack  are  much 
longer  than  the  bond  thickness  of  the  adhesive.  While  this  does  make  a 
fine  scule  stress  analysis  difficult,  it  does  not  diminish  the  engineering 
usefulness  of  the  concept.  In  addition,  the  FEM  paper  states  that  the 
measured  value  of  toughness  is  no  more  descriptive  of  the  crack  resistance 
in  structures  than  the  peel  adhesion  value  might  be.  In  contrast,  it  has 
been  shown  (1)  that  the  value  of  obtained  for  a  (Qvirt  set  of  adhesive 
parameters  (e.g.,  bond  thickness,  curing  conditions,  etc.)  is  the  same 
for  structural  adherends  having  a  wide  variety  of  geometries  and 
moduli.  It  should  be  noted  that  although  the  value  may  not  be  a 

linear  elastic  fracture  mechanics  (LEFM)  parameter  in  the  strictest  mathe¬ 
matical  sense,  the  engineering  usefulness  of  the  fracture  mechanics  concept 
both  for  monolithic  systems  and  adhesive  joints  in  fracture  control  has  been 
amply  demonstrated. 

An  area  where  the  two  approaches  may  give  similar  results  is  in  the 
area  of  slow  crack  growth.  For  example,  most  highly  loaded  adhesively 
bonded  structural  elements  arc  to  be  found  in  new  design  aircraft  components. 
These  bonded  elements  are  seldom  more  than  0.1  in.  thick.  Even  if  the  load¬ 
ings  were  pure  mode  I ,  as  in  a  peel  test,  the  toughness  of  the  adhesives 
used  today  would  be  such  that  yielding  in  the  metal  would  precede  crack 
growth  except  for  flaws  in  the  adhesive  that  were  many  orders  of  magnitude 
larger  than  those  observed.  Thus,  for  the  range  of  adherend  thicknesses 
used  and  the  initial  flaw  sires  common  to  adhesively  bonded  structures, 
failure  by  rapid  flaw  growth  in  the  adhesive  is  prohibited.  If  the  adhe¬ 
sively  bonded  structure  is  to  fail,  one  of  the  initial  flaws  must  extend  by 
a  slow  growth  process  to  a  critical  value  in  a  similar  fashion  to  what  is  ob¬ 
served  in  monolithic  structures.  This  can  occur  by  fatigue,  stress  corrosion 
cracking  (SCC)  and  both  in  combination.  The  values  of  the  fracture  mechan¬ 
ics  parameters  for  these  service  conditions  can  be  much  lower  than  A.  .  For 

Ic 

example,  the  adhesive  material  discussed  in  the  FEM  report  having  a  RT 
toughness  of  9  lbs/in.,  has  a  fatigue  threshold.  of  0.5  lbs/in.  This 

level  of  toughness  is  likely  to  be  in  the  range  of  usefulness  of  the  FEM  analysis 
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even  though  4j  is  out  of  the  FEM  range.  This  level  of  fatigue  per¬ 
formance  relative  to  is  somewhat  poorer  than  seen  for  metals  and 
implies  that  the  fatigue  properties  of  adhesives  can  be  improved. 

5.4  Summary  of  the  I.EFM-FEM  Comparison 


For  structural  adhesives,  the  K  characterization  of  stresses  as 
deacribed  by  FEM  within  the  adhesive  layer  is  invalid,  because  the  plastic 
zone  is  not  small  in  relation  to  the  bondline  thickness.  Therefore,  a 
fracture  mechanics  approach  which  regards  the  bondline  thickness  as  a 
specimen  macro- dimension  is  not  expected  to  be  reliable  without  additional 
refinement . 

The  FEM  results  that  show  significant  differences  with  LEFM  data 
relate  to  this  difference  in  approach.  However,  fracture  mechanics 
appears  to  be  applicable  if  the  bondline  thickness  is  regarded  as  a  con¬ 
trolled  micro8tructural  property  rather  than  a  specimen  macro- dimension . 

In  this  case,  the  only  requirement  is  that  the  plastic  zone  be  confined  to 
the  adhesive  layer  and  be  small  compared  to  crack  size  and  specimen  mac¬ 
ro  dimensions.  The  FEM  results  are  not  pertinent  to  this  type  of  approach, 
although  it  is  the  approach  most  commonly  used.  For  mode-I  increasing 
load  (static)  tests  the  plastic  zone  size  seems  to  be  small  enough,  because 
static  data  tend  to  correlate  on  a  ^  basis  when  the  adhesive  properties  and 
bondline  thickness  are  constant.  The  plastic  zone  size  is  even  smaller  at  the 
lower  loads  used  in  fatigue  and  environmental, sustained  load  testing,  so 
LEFM  should  tend  to  be  even  more  readily  applicable. 

Thus,  in  view  of  the  current  level  of  FEM  development,  one  cannot 
appropriately  conclude  that  LEFM  is  inapplicable  to  bondline  cracks  in  struc¬ 
tural  adhesives,  because  at  this  point  FEM  has  been  restricted  to  a  narrow 
view  of  the  topic.  More  to  the  point,  the  FEM  results  are  irrelevant  to  the 
way  in  which  LEFM  has  already  been  applied  successfully  to  structural  ad¬ 
hesives. 
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6.0  Conclusions 

One  of  the  major  conclusions  of  this  work  concerns  the  relevancy 
of  a  fracture  mechanics  methodology  to  the  design  and  analysis  of  struc¬ 
tures.  The  direct  applicability  of  fatigue  crack  growth  data  has  been 
shown  by  the  ability  to  give  a  good  estimate  of  structural  fatigue  life. 
Although  both  the  structure  and  the  analyses  were  somewhat  simpler 
than  the  bonded  components  anticipated  for  aircraft,  the  technique  has 
been  adequately  demonstrated. 

The  methodology  used  here  began  with  a  determination  of  the  frac¬ 
turing  properties  of  one  adhesive  system  for  fatigue  and  environmentally 
assisted  fatigue  loading.  The  change  in  the  fracturing  properties  as  a 
function  of  the  amount  of  shear  was  determined  using  the  "constant-K" 
mode  l  specimens  (c.g.,  WTB  and  CDCB)  and  a  mixed-mode  specimen 
(CI.S).  These  data  were  used  to  successfully  predict  crack  growth  in 
a  full  scale  structural  model  using  a  rudimentary  virtual  energy  analysis. 

The  success  of  this  predicted  life  study  has  shown  that  the  method 
ology  cnn  be  of  potentially  great  value  in  predicting  the  life  of  bonded 
structure.  More  refined  analysis  and  testing  techniques  should  be  able 
to  be  used  to  develop  proof  tests  and  inspection  schedules  for  bonded 
structure,  as  well  as  to  provide  design  information  on  the  moat  suitable 
bond  geometry. 

Still  to  be  determined  is  the  non -experimental  solution  that  will 
enable  calculation  of  the  stress  field  around  the  tip  of  the  crack  in  a 
bonded  structure.  To  date  the  available  numerical  (finite  element) 
analyses  have  been  unable  to  reconcile  observed  energy  measurements 
shown  to  dictate  fracture  properties  in  either  laboratory  specimens  or 
structure. 

When  pure  mode  I  and  mixed  modes  I  and  II  were  compared, 
it  was  found  that  no  combination  of  mixed- mode  loading  resulted  in  a  lower 
^  than  that  for  pure  mode  l  loading  along.  In  fact  ,  monotonically 
increasing  load  fracture  under  any  mixed-mode  combination  has  never  been 
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shown  to  occur  at  fracture  energy  values  less  than  Second,  for 

structural  adhesive  materials  presently  used  in  aircraft  for  wide  area 
structural  bonding,  monotonically  increasing  loads  will  cause  permanent 
deformation  in  the  adherends  prior  to  adhesive  crack  growth,  unless  the 
size  of  the  debond  is  a  substantial  fraction  of  the  bond  area.  This  con¬ 
clusion  suggests  that  the  value  of  6yc  is  of  concern  for  bonding  of  thin 
sections  only  when  it  is  below  a  minimumvalue,  J.e.,  2  lbs/in.  This  con¬ 
clusion  is  valid  for  the  case  of  aircraft  structural  bonding  where  the  design 
and  manufacture  of  bonded  elements  as  well  as  the  measurements  of  debond 


sizes  are  strictly  controlled. 


One  of  the  most  important  results  is  that  the  well  characterized 
mixed  mode.  CLS,  specimens  (  -  l)  show  value»  four  to  five 

times  the  pure  mod- 1  value.  In  fact,  the  value  of  ^  in  the  mixed-mode 
tests  at  is  approximately  equal  to  . 

The  most  important  fracture  property  for  aircraft  structure  is  fatigue 
resistance.  The  effect  of  3  Hz  mixed-mode  loading  on  fatigue  crack  growth 
rate  (at  R  =  0. 1  and  0.6)  has  been  studied  with  two  structural  adhesive 
systems  and  the  threshold  level  of  total  ,h  for  mixed-mode  crack  growth 
is  always  above  that  for  pure  mode- 1  loading.  Because  of  the  mixed-mode 
fracture  data,  it  was  thought  that  mixed-mode  fatigue  crack  growth  was 
directly  related  to  the  amount  of  mode-1  present  in  the  total  loading  and 
predicted  by  the  pure  mode-1  fatigue  growth  properties.  Data  collected 
recently  indicates  that  a  high  shear  loading  (i.e.,  the  ratio  is  low), 

requires  considerably  less  of  a  A^j  to  cause  crack  growth  than  the  amount 
predicted  from  pure  mode-I  data.  This  lower  a/.  threshold  for  mixed¬ 
mode  loading  requires  that  both  the  total  Ay!  &yy  ratio  and  R  ratio  be 
known  in  order  to  calculate  fatigue  lives.  In  general,  crack  growth  is 
slower  at  higher  frequencies  and  higher  R  ratios. 

The  effect  of  environment  on  crack  growth  is  strongly  affected  by 
the  amount  of  shear  present  on  the  bondline.  For  PA  A  treated  adherends, 
where  interface  (IF)  failure  is  difficult,  no  mixed-mode  SCC  growth  (which 
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occurs  cohesively)  was  seen  st  values  of  crack  extension  force  that  were 
well  above  the  calculated  ^,8CC  value  determined  from  ^eff  obtained  from 
the  fatigue  analysis.  Mixed-mode  fatigue  tests  in  elevated  temperature 
( 140°F)  water  showed  no  change  in  the  A.4  vs.  da/dN  behavior.  This 
data  implies  that  ( 1)  the  effect  of  shear  loading  on  SCC  tests  is  to  limit 
crack  extension  much  more  than  in  environmentally  assisted  fatigue. 

(2)  the  calculated  value  of  an  effective  &  is  unique  to  fatigue,  and  (3) 
correlation  is  expected  to  be  as  different  for  SCC  as  it  is  for  rising  load 
tests. 

These  conclusions  support  the  empirical  evidence  that  high  shear 
loading  for  structural  adhesive  bonds  is  beneficial  for  both  fatigue  and 

SCC. 

Future  fatigue  and  static  load  studies  of  adhesive  joints  using  a 
number  of  adhesive  systems  and  potentially  aggressive  environments  should 
be  directed  towards  verification  of  the  conclusions  stated  in  the  text  in  pure 
and  mixed-mode  loading.  The  determination  of  the  combined  loading  effects 
for  structures  will  require  a  determination  of  an  effective  &  for  all  labora¬ 
tory  cases  used  to  model  structural  service.  The  L  ~eff  mixed -mode 
tests  have  been  done  for  a  few  cases  to  allow  its  use  in  structural  design 
without  further  study.  The  acceptance  of  the  concept  of  would 

justify  a  fatigue  characterization  of  structural  bonds  on  the  basis  of  pure 
mode- 1  data. 

The  further  development  of  pure  and  mixed  mode  specimens  is  re¬ 
quired  for  several  reasons.  Pure  mode-I  specimens  can  be  manufactured 
either  as  narrow  (CDCB)  or  wide  (WTB)  area  bonds.  Differences  in 
fracturing  behavior  between  them  should  be  studied  to  define  the  important 
variables  in  the  bonding  process  (e.g..  bond  thickness).  The  large  CLS 
specimens .  while  well  characterized ,  are  too  large  to  be  practical  in  a 
quality  assurance  program.  Thus,  the  smaller  MZKG,  with  its  advantage 
of  size,  loading  arrangement  and  ease  of  compliance  measurement,  should 
be  examined  with  regard  to  making  it  a  standard  for  mixed-mode  testing. 
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A  catalog  of  low  magnification  fracture  appearances  (light  micro¬ 
scope)  has  shown  some  differences  between  pure  and  mixed-mode  crack 
growth  mostly  for  rising  load  tests.  For  PA  A  treated  aluminum  adherends 
the  plane  of  crack  growth  is  primarily  cohesive  or  center  of  bond  (COB) 
irrespective  of  testing  condition.  The  rising  load,  pure  mode-1  crack 
growth  plane  is  essentially  smooth  and  featureless,  except  for  traces 
of  scrim  cloth  and  arrest  markings  where  the  crack  was  stopped  and  re¬ 
started.  BC  or  CLS  mixed-mode,  rising  load  tests  are  also  COB,  but 
very  different.  Both  fracture  surface  halves  show  a  dense  pattern  of 
inclined  "flakes"  indicating  response  to  maximum  cleavage  forces  prior  to 
gross  crack  extension.  Rising  load  tests  on  the  MZKG  specimen  shows 
some  interface  separation  near  the  area  edges,  as  well  as  a  more  minor 
shear  load  fracture  pattern  in  the  c inter  of  the  specimen.  Surprisingly, 
fatigue  fracture  surfaces  for  both  pure  and  mixed- mode  loading  are  very 
similar  and  independent  of  environment.  Static  load,  SCC  tests  on  pure 
mode  l  specimens  are  also  COB  and,  except  for  some  attack  at  the  edges, 
are  flat  and  featureless.  Mixed-mode  SCC  tests  have  indicated  that  cracks 
do  not  extend  except  at  loads  approaching  the  critical  crack  extension  force, 
*Tc‘  The  purpose  of  the  appearance  catalog  is  to  provide  a  data  base  for 
understanding  service  failures  as  has  been  done  for  metal  fracture  studies. 
The  nature  of  the  fracture  surfaces  are  such  that  a  more  complete  deter¬ 
mination  of  the  surfaces  will  have  to  be  done  using  the  scanning  electron 
microscope . 
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Cleaning  Procedure  for  Aluminum  Bonding  of  Specimens 
Using  Film  or  Liquid  Adhesive  Systems 

Solvent  Cleaning:  Two  step  procedure. 

(a)  Methyl  alcohol  or  equivalent:  uaed  primarily  to  remove  the 
blueing  from  the  machining  operation. 

(b)  Clean  chlorinated  solvent  or  equivalent,  e.g.,  1.  1,  i,  tri- 
chloroethane  or  trichloroethylene:  used  to  remove  grease  and 
oil.  After  cleaning  with  these  solvents,  there  should  be  no 
trace  of  blueing,  grease  or  oil.  The  surface  to  be  bonded 
should  be  free  of  obvious  machining  errors,  deep  scratches 
and  imperfections  that  would  prevent  the  specimen  adherends 
to  be  fitted  together  to  make  a  satisfactory  bond. 

Alkalene  Cleaning. 

Material :  Oakite  *164  or  equivalent.  The  solution  used  is  7.5  weight 
percent  and.  for  the  large  class  Jars  used  for  specimen  treatment. 

dissolve  449  grams  of  Oakite  *164  into  6000  ml  of  deionised  water. 

2 

This  solution  is  suitable  for  treating  at  least  5000  in.  of  adherends 
(about  50  pairs  of  CDCR's). 

Procedure :  Heat  solution  to  180°F  2  5°F.  Immerse  specimens  for 
15  minutes  2  2  minutes  and  follow  with  an  immediate  tap  water  rinse 
for  five  minutes.  The  time  to  get  from  the  cleaner  to  the  rinse  should 
not  exceed  20  seconds,  due  to  the  formation  of  a  difficult  to  remove 
film.  Proceed  from  rinse  to  chromic  acid  etch. 

Chromic  Acid  Etch  (e.g..  FPL  etch). 

Materialj  The  composition  of  the  etch  is  nominally  30  PPW  deionized 
water,  10  Pbw  sulfuric  acid  (1.84  S.G.)  and  1  Pbw  sodium  dichromate 
(Na^CrOj  powder).  For  the  given  glass  jars  used  for  etching,  the 
solution  was  prepared  by  dissolving  165  grams  of  sodium  dichromate  in 
4940  ml  of  water  and  then  adding  895  ml  of  sulfuric  acid. 
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Procedure:  Heat  the  solution  to  150°F  ♦  5°F.  Immerse  specimens 

for  15  minutes  t  5  minutes  and  follow  with  an  immediate  tap  water 
rinse  for  3  to  5  minutes.  Proceed  from  rinse  to  phosphoric  acid 
anodize. 

Note:  The  etch  solution  begins  as  a  deep  blood  red  solution,  how- 

2 

ever,  after  20  sets  of  adherends  (4000  in.  )  have  been  etched,  the 
solution  takes  on  a  slightly  greenish  cast.  Work  done  on  bonding  to 
chromic  acid  etched  surfaces  has  shown  that  used  solution  produces 
more  effective  bond  surfaces  than  freshly  made  etch.  Nevertheless, 
in  the  interest  of  consistency  of  treatment  prior  to  the  anodize,  the 
etch  solution  was  replaced  after  about  3000  in.  of  aluminum  surface 
(30  pairs  of  adherends)  had  been  etched  or  the  solution  showed  a 
greenish  color. 

4.  Phosphoric  Add  Anodize  (Boeing  Aircraft  specification  BAC  5555). 

Material  :  The  composition  of  the  anodizing  solution  is  an  aqueous 

10  volume  percent  (♦  2%)  phosphoric  acid.  H^PO^,  (85%  ortho  phosphoric 

acid:  1.436  S.G.).  The  solution  is  prepared  for  small  specimen  tanks 

by  adding  600  ml  of  acid  to  5400  ml  of  deionized  water.  Covered  stor- 

2 

age  to  prevent  evaporation  will  permit  use  for  at  least  3000  in.  of 
specimen  surface  over  a  several  month  period  (30  pairs  of  adherends) 
however,  it  is  necessary  to  discard  the  solution  if  there  is  a  color  change 
from  clear  to  green  or  orange. 

Procedure^  The  solution  is  used  at  room  temperature,  however,  the 
temperature  limits  are  65  to  85°F.  The  use  of  a  relatively  large  volume 
of  solution,  e.g. ,  6000  ml  for  200  to  400  in.  of  surface  (2  to  4  pairs  of 
adherends)  insures  that  a  room  temperature  solution  will  not  be  heated 
above  the  limit  during  anodizing.  A  stainless  steel  cathode  is  connected 
to  the  negative  pole  of  a  sufficiently  large  DC  power  supply  and  the  ad¬ 
herends  to  be  treated  connected  to  the  positive  pole  (anode)  of  the  sup¬ 
ply.  The  voltage  is  then  raised  to  10V  i  IV  and  maintained  for  20  to 
25  minutes.  Within  2  minutes  after  anodizing  the  adherends  are 


immersed  in  tt  tap  water  rinse  and  washed  for  10  to  15  minutes.  After 
this  tap  water  rinse  the  adherends  are  suspended  such  that  excess 
water  drains  away  from  the  intended  bond  surface.  At  this  point  the 
adherends  are  rinsed  finally  with  deionized  water  and  the  bond  sur¬ 
face  blown  dry  with  an  air  dryer.  Once  dry,  they  can  be  primed, 
however,  from  the  time  they  are  etched  until  priming  is  complete  the 
bond  surface  cannot  be  handled  at  all.  This  is  because  the  anodize 
produced  oxide  is  very  fragile  and  requires  the  primer  for  stabilation. 

The  production  of  a  suitable  oxide  can  be  determined  by  viewing  the 
bond  surface  with  polarized  light.  A  uniform  light  green  or  light 
pink  color  indicates  a  satisfactory  anodize.  This  color  can  also  be 
seen  by  viewing  the  bond  surface  at  a  steep  angle. 

Adhesive  Priming  Agent  (e.g.,  Bloomingdale's  HR  127  or  BR  127A). 

Material :  Adhesive  primer  is  a  high  solvents  content  paint  that  must 

be  stored  at  0°F  or  below.  Thus,  prior  to  use  it  must  be  warmed  to 
room  temperature,  then  thoroughly  mixed  and  subsequently  agitated 
continually  during  application.  Out-of-date  material  has  proved  sat¬ 
isfactory  for  more  than  a  year  if  kept  cold,  however,  replacement  of 
out  of  date  material  is  probably  a  good  idea. 

Procedure:  I'sing  an  acceptable  air  power  paint  spray  gun  and  noz¬ 

zle  assembly  (several,  along  with  a  suitable  air  pressure  range,  are 
recommended  by  the  manufacturer),  primer  is  applied  to  the  bond  sur¬ 
face  to  a  dry  primer  thickness  of  0.0001  to  0.0004  in.  This  is  one  or 
two  thin  coats  which  can  be  determined  approximately  by  color  compari¬ 
son  of  previously  painted  and  calibrated  metal  coupons.  After  priming, 
the  part  a  are  air  dried  for  30  minutes  and  then  oven  cured  at  250°F  for 
30  minutes.  While  handling  of  the  bond  surface  is  to  be  avoided, 
should  contact  occur,  the  primed  areas  can  be  solvent  cleaned  (e.g. , 
MFK )  prior  to  bonding  with  no  loss  in  bond  properties. 
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Adhesives  Mixed-mode  fracturing 

Fracture  toughness  Sub-critical  crack  growth 

Practure  appearance 
Opening  mode  fracturing 

This  report  describes  the^est  methods  developed  by  MRL  for  evaluat¬ 
ing  the  fracture  mechanics  parameters  of  adhesive  joints.  These  teats, 
developed  over  more  than  a  decade  .'A were  designed  for  measuring  crack 
resistance  under  Mode  I.  combined  Mode  I  and  II,  and  combined  Mode  I 
and  til  loading.  All  of  the  tests  can  be  applied  to  roonotonically  increas¬ 
ing  loads,  static  loads  in  an  environment,  i.e.,  stress  corrosion  cracking,  - 
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or  to  crack  growth  rate  under  fatigue  loading. 

There  does  not  appear  to  be  a  general  "law"  for  describing  the 
effect  of  adding  some  shear  (Mode  II  or  III)  onto  opening  mode  loads; 
rather,  the  difference  between  pure  and  mixed  mode  loading  depends 
on  the  load-time  profile.  Hence,  mixed-mode  loading  must  be  treated 
differently  for  each  type  of  loading- (e.g. .  monotonically  increasing 
vs.  fatigue  loading).  _ J 

section  on  bond  manufacturing  and  testing  details  compares 
the  phosphoric  acid  anodizing  (PAA)  aluminum  adherend  treatment  to 
the  chromic  acid  etch  (FPL)  on  the  basis  of  resistance  to  stress  cor¬ 
rosion  cracking  in  the  wedge  teat. 


Application  of  linear  elastic  fracture  mechanics  to  the  prediction 
of  structural  life  based  on  the  use  of  finite  element  as  well  as  an  energy 
analysis  are  also  discussed. 
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